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Oblastí zájmu této práce jsou určité aspekty základních fyzikálně-chemických vlastností 
kyseliny oxamové a glyoxalové a jejich afinita k lanthanoidům, jako zástupci byli zvoleni 
cerium a gadolinium.  Pro každou kyselinu byla zjištěná rozpustnost při pokojové teplotě, 
hodnoty pKa a jejich tepelná a fotochemická stabilita. Byla studovaná afinita kyselin k 
iontům lanthanoidů (III) ve vodném roztoku pomocí různých konvenčních laboratorních 
technik a instrumentálních metod. Dekahydráty oxalátů lanthanoidů byly syntetizovány 
postupy heterogenních a homogenních srážení a charakterizované klasickými analytickými 
technikami v pevné fázi. 
 
Klíčová slova: srážecí reakce, kyselina oxamová, oxamáty, šťavelany (oxálaty), kyselina 








This bachelor work focuses on studies of chosen aspects of the basic physicochemical 
properties of oxamic and glyoxylic acids and their affinity to lanthanides, cerium, and 
gadolinium taken as the representatives. Room temperature solubilities, pKa values, 
thermal and photochemical stability of the acids have been evaluated. The acids’ affinity to 
lanthanide (III) ions in an aqueous solution has been studied using various conventional 
laboratory techniques and instrumental methods. Lanthanide oxalate decahydrates have 
been synthesized using heterogeneous and homogeneous precipitation routes and 
characterized using classical solid-state analytical techniques.  
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The list of the abbreviations used 
 
Ln – lanthanide 
REE – rare earth element 
CFSE – crystal field stabilisation energy 
CN – coordination number 
LPC – lipid-protein complex 
ROS – reactive oxygen species 
MRI – magnetic resonance imaging 
CT – computer tomography 
PET – positron emission tomography 
LBT – lanthanide binding tag 
TOF-MS – time-of-flight mass spectrometry 
ICP-MS - inductively coupled plasma mass spectrometry 
Z – atomic number of a nuclide 
A – mass number of a nuclide 
nca – non carrier added 
ca – carrier added 
EDTMP - ethylene diamine tetramethylene phosphonate 
DOTMP - 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetramethylene phosphonic acid 
PLLA - poly(L-lactic acid) 
RSV – radiosynovectomy 
α-HIBA - α-hydroxyisobutyric acid 
HPIC – high performance ion chromatography 
MOF - metal-organic framework 
DMSO – dimethyl sulfoxide  
NMR – nuclear magnetic resonance 
DOTA – 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
DTPA – diethylene triamine pentaacetic acid 
LDH – lactate dehydrogenase  
EG – ethylene glycol  
EDS – energy-dispersive X-ray spectroscopy 
Rwp – weighted profile R-factor  





1. Introduction  
 
This bachelor's work focuses on studies of the chosen aspects of the basic physicochemical 
properties of oxamic and glyoxylic acids and their affinity to lanthanides (cerium and 
gadolinium are chosen as the representatives).  
The idea of the work came from the comprehensive study of the oxalic acid coordination 
chemistry and its extensive implementations in the lanthanide and actinide technology 1, 2. 
The oxalic conversion method, which involves the metal's oxalic precipitation from the 
solution and subsequent thermal decomposition of the formed metal oxalate, is 
outstandingly important in the nuclear industry, in the preparative inorganic chemistry, 
analytical chemistry of the f-elements, in the applied science 3, 4, 5.  
Oxamic and glyoxylic acids may be seen as the oxalic acid analogues, where amide or 
aldehyde functionalities, respectively, replaced one carboxylic moiety. Due to the lack of 
information concerning the mentioned above acids in the inorganic chemistry context, 
these compounds' partial characterization will be conducted. The emphasis will be put on 
the acids' behaviour in aqueous solutions.  As well, these simple organic acids will be 
tested for easy lanthanide separation from aqueous solutions.  
Overall, the carboxylic acids with simple structure received some attention in the context 
of the f-elements chemistry. For example, such compounds as fumaric, oxalic, glycolic, 
maleic, α-hydroxyisobutyric acids are crucial in the metal-organic 3D extended structures 
construction 6, in the recovery of rare earth elements from industrial waste 7, in the 
radiolanthanides separation and purification techniques 8, 9. Thereby, the problematics of 
the oxamic and glyoxylic acids' affinity to lanthanides seems of interest.  
Moreover, theoretical research concerning the lanthanides' applications in medicine and 
their general biochemical relevance will be carried out. The 4f metals have remarkable 
atomic properties and are widely used in modern technology 10, 11; however, in the field of 
medicinal chemistry, these metals are a somewhat unexplored subject to study. Thereby, in 
the current theoretical investigation, several medicinal chemistry relevant aspects of the 
lanthanide chemistry will be discussed, including facts concerning the properties of non-
radioactive species 12 and the characteristics of the radioactive elements employed in 















2. Aims and objectives 
Following aims and objectives were selected in presented thesis. 
 
i) To conduct a theoretical research about lanthanides implementation in 
radiomedicine and evaluate their biomedical potential. Moreover, the 
bibliographic review about the oxamic and glyoxylic acids should be done, 
putting emphasis on their use in the technology of lanthanides.   
ii) Since the physicochemical properties of oxamic and glyoxylic acids in aqueous 
solutions are poorly known their basic characterisation (pKa values, solubility) 
should be performed. 
iii) Additionally, the stability (thermal and photochemical) of the oxamic and 
glyoxylic acids in aqueous solutions is to be estimated; special attention should 
be given to the hydrolysis/decomposition and its kinetics. 
iv) The affinity of the concerned acids to lanthanides in aqueous solutions is to be 
examined taking cerium and gadolinium as the Ln series representatives. And 
as a result, the potential of both acids is to be evaluated in similar view as the 4f 
elements separations using oxalic acid.  
v) All intermediate and final products should be characterized using classical 
solid-state analytical techniques (e.g., roentgen diffraction, thermogravimetry 















3. Theoretical part 
 
3.1 Lanthanides: Biochemical relevance and medical 
applications 
 
The f-block elements, comprising lanthanide and actinide series, possess interesting 
magnetic, spectroscopic, and nuclear properties. They are suitable for a range of 
biomedical applications and play an important role in diagnostics, imaging, and therapy in 
medicine 13, 14, 11. Besides, in the light of the increasing human exposure to lanthanides as 
they are widely used in modern technology, the studies on their impact on biological 
systems are becoming a worthy pursuit 10, 15.   
3.1.1 Basic atomic and coordinative properties of lanthanides 
 
Lanthanides (here and further abbreviated as Ln) is a term for the group of elements 
starting from La and further comprising the following 14 f-elements from cerium (Ce, 
atomic number 58) to lutetium (Lu, atomic number 71) with electronic configurations of 
[Xe]4f05d16s2 (La) to [Xe]4f145d16s2 (Lu) 16. The f-electrons do not participate in bond 
formation, and the chemistry of lanthanides is governed by the 5d and 6s electrons removal 
17. Therefore, most of the lanthanides are stable as trivalent ions. Other oxidation states 
(+IV, +II) are somewhat rare and occur when the configuration of f0, f7, or f14 may be 
achieved 16.  For instance, strongly reducing dipositive (Eu+2, Yb+2) and strongly oxidizing 
tetrapositive (Ce+4) ions can be distinguished in solution 18, 19 . The first and second 
ionization energies are almost similar throughout the series of elements (E1 ≈ 600 kJ/mol, 
E2 ≈ 1200 kJ/mol), and the values are comparable with those for calcium 
20.  
Due to the poor shielding of the 5s and 5p electrons by the 4f subshell, ionic radii of the 
trivalent ions decrease with increasing atomic number (from r (La3+) = 1,03 Å to r (Lu3+) = 
0.85 Å, for CN=63.). This phenomenon is well known as lanthanide contraction, and it is 
the primary source of differences in chemical properties between the Ln series elements.  
For comparison, the ionic radius of calcium is about 1,00 Å for CN=6 21. It is seen that the 
lighter Ln3+ ions are about the same size as Ca2+ but logically have a higher charge-to-
volume ratio. This results in higher CN preference and may result in higher complex 
stability and, subsequently, a higher affinity for biological binding sites 13. 
One another similarity of lanthanides to calcium, or generally to the alkaline earth metals, 
is the formation of relatively weak complexes. Sufficiently stable species, other than the 
hydrated cations, can be obtained only with strongly chelating ligands when these ligands 
possess highly electronegative donor atoms 17.  
Ln3+ cations bind ionically; they behave as hard Lewis' acids preferring fluorine, oxygen, 
and, to a lesser extent, nitrogen donors. F-orbitals are affected by ligands very slightly, and 
no crystal field stabilization energy (CFSE) takes place in the Ln complexes formation 17. 
The strongly ionic nature of bonding leads to different coordination numbers and variable 
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geometries. The ionic complexes often undergo rapid ligand exchange; isomerism and 
slow substitution reactions are uncommon and poorly characterized. As for the possible 
coordination numbers, those from 6 to 12 occur, and CN = 8 or CN = 9 are often preferred 
16.  
3.1.2 Non-radioactive therapeutic and biochemical properties of 
lanthanides 
 
Lanthanides are generally considered as elements inessential for life. These metals occur in 
trace amounts in living organisms and have no endogenous biological function in humans. 
However, lanthanides can serve as powerful biochemical probes. Their similarity to 
calcium ion, which is an ion of extreme biological importance, has always been known and 
stimulated research into the field of lanthanide medicinal chemistry. 
 
Lanthanides in the body: biochemical effects and possible applications  
Since the early 20th century, lanthanides, particularly cerium, were known to interfere with 
the calcium-dependent blood clotting cascade. Nevertheless, the interest in lanthanides in 
this context was only temporary 22 as less toxic and more efficient anticoagulants were 
developed fast. As a tribute to history, it is proper to mention insoluble cerium (III) 
oxalate, which was used to treat vomiting during pregnancy 22. The mechanism of those 
antiemetic properties was not explained clearly, and its use was abandoned soon.  
The successful implementations of lanthanides in healthcare include an insoluble orally 
administered drug called Fosrenol, chemically lanthanum (III) carbonate. It is a dietary 
intake phosphate binder used to treat hyperphosphatemia in patients with kidney disease 
who are less able to excrete phosphate 23. Fosrenol (LaCO3) proved itself to be a 
favourable phosphate binder as it has a high affinity for phosphate, binds it rapidly, is 
insoluble, and has almost no systemic absorption. Therefore it is safe to use (generally, the 
inability of lanthanide ions to cross cell membranes is a primary reason for their non-
toxicity when ingested orally 24).  
Another efficient drug was cerium (III) nitrate used as a component of a topical cream for 
the burn wounds treatment 25. The mechanism of cerium (III) action here is twofold. First 
of all, cerium is known to cause local soft tissue calcification as it precipitates with 
pyrophosphate and removes the pyrophosphate's calcification-inhibitory function 26. It also 
forms the crystallization nuclei facilitating the further calcification 22. Acting this way at 
the burn site, the compound facilitates the eschar formation, making it firm and 
impermeable. Such an eschar contains insoluble pyrophosphate and carbonate salts of Ce3+ 
and Ca2+. The second action is the immunomodulatory effect of cerium. It binds the burn 
toxin, a high molecular weight lipid-protein complex (LPC) formed by heat-induced 
polymerization of several skin polypeptides. Unless being bound, the LPC causes a number 
of immune responses leading to immunosuppression 14, 22.  
As a development of the topic of the lanthanides' impact on the immune system, it must be 
pointed out that their effects on immune function, in general, are contradictory. Ln ions 
have been reported to inhibit several cell-mediated immunity responses (e.g., lymphocyte 
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activation). Simultaneously, in low doses, they appear to enhance several other immune 
functions (e.g., the antibody formation) 14, 13. 
Studies have shown that lanthanides may have an impact on lipid metabolism as well. 
LaCl3, GdCl3, and CeCl3 were proved to inhibit the adipocyte differentiation in 
preadipocytes, and it was also proposed that lanthanides can be used as agents for 
slimming by promoting lipolysis 27. Another biologically relevant case is the hydrolysis of 
phosphate bonds (e.g., those in the oligonucleotides) by Ln hydroxide gels.  It was one of 
the earliest observations of metal ion catalysis of such reactions 28.  
 
In the light of the mentioned above calcium-lanthanides similarity, the high affinity of Ln3+ 
to cartilage and bone matrix 29 is demonstrative. Ln ions may help treat the bone resorption 
disorders, behaving as calcium surrogates in the hydroxyapatite-like matrix of the bone 30. 
This affinity can be employed in biocompatible materials development for hard tissue 
replacement, for example, in the orthopaedic metal implants construction 31, 32.  
 
The anticancer potential of non-radioactive Ln species has also been investigated. Several 
complexes of Ln (Ce, La, Nd, Gd) with different ligands such as coumarin derivatives, 
1,10-phenanthroline, citrate, and others were synthesized and explored for their 
cytotoxicity in malignant cells. Some compounds in definite concentrations have 
demonstrated antiproliferative, cytotoxic, or cytostatic effects on the in vitro model 
systems, though the trials conducted were only preclinical 22. Moreover, by itself, 
individual metals (Tb) were proved to enhance some chemotherapeutic agents' anticancer 
activity (e.g., cisplatin). Tb (III) was found to bind the cell membrane in breast cancer cells 
and increase cisplatin's cellular accumulation, therefore amplifying its cytotoxicity. 
However, all the effects were observed only within certain concentration ranges, and a 
more profound understanding of the mechanisms was not achieved 33. A noteworthy type 
of non-radioactive lanthanide antineoplastic complexes is redox-active (susceptible to 
reduction) Ln (III) complexes with texaphyrins, heterocyclic macrocycle molecules 
derived from porphyrins. These compounds attracted considerable interest from medicinal 
chemists as they may be used in cancer treatment as radio- and chemo-sensitizers 33. The 
principle of their action is following. The ROS-induced oxidative damage to DNA and 
protein can lead to apoptosis, so manipulating the tumor cell redox balance in favor of 
increased oxidative stress with the considered complexes' assistance enhances the tumor 
cells' death rate when simultaneous chemo- or radiotherapy is being conducted 34. In such a 
way, the therapeutic effect of chemo- or radiotherapy is improved.  
 
Finally, it is suitable to consider the functional aspects of the Ln interactions with proteins. 
Several enzymes stimulated by Ca2+ or totally dependent on it were studied in this 
perspective 13. In most cases, the Ln-substituted enzymes become less catalytically active, 
up to total competitive inhibition of their function. However, when the Ca2+ role in the 
biomolecule is not functional but structural, the enzymatic activity in most cases retains or 
is only slightly modified 35. One more issue, which is easy to predict in this context, is that 
lanthanide ions may affect the transmembrane Ca2+ fluxes as they are capable of binding to 
different types of calcium channels in cell membranes. Therefore, nerve cells and muscle 
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cells' physiology is sensitive to Ln3+ administration: the neuromuscular transmission may 
be inhibited, the heart contractility may be reduced 22, 14.  
 
 
Spectroscopic, magnetic properties of lanthanides useful in medicinal chemistry 
Unlike spectroscopically silent Ca2+ ions, lanthanides may serve as useful instruments to 
study the Ca2+ dependent biological systems. Another noteworthy feature of these metal 
ions is that they possess beneficial magnetic properties (high magnetic susceptibilities) that 
may be successfully implemented analytically.  
 
When a strong magnetic field is applied, a magnetically susceptible ionic species acts as a 
little secondary magnet, altering adjacent susceptible atoms' behavior. Consequently, NMR 
signals may be disturbed: chemical shift perturbations, line broadening may take place, and 
be a source of useful information 36.  
 
Probably the most famous case of the Ln peculiar magnetic properties implementation is 
the use of Ln-based contrast agents in magnetic resonance imaging (MRI). The majority of 
commercially available agents are Gd3+ stable chelating complexes with ligands based on a 
polyaminocarboxylate motif. The reason for the use of gadolinium (III) is that the Gd3+ ion 
with its seven unpaired electrons (a spin quantum number of 7/2) is paramagnetic, has a 
relatively large magnetic moment, and a long electron spin relaxation time 37. The contrast 
agents are used in about 40% of all MRI exams, and in about 60% of neuro MRI exams 36. 
They markedly alter the relaxation time of water protons in tissues, which often leads to 
remarkable improvements in medical diagnoses. The further details will not be described 
as MR scanning principles explanation is beyond the scope of this work.  
However, MR imaging is not the only medical imaging field where Ln may be employed. 
As the rare earth ions (with a few exceptions) are very efficient emitters of light upon 
excitation from different sources, they are instrumental in the field of scintillators. When 
excited by ionizing radiation that is by itself very difficult to detect, Ln3+ activated 
scintillators can efficiently convert X-rays or γ-rays into light (from UV to NIR) that 
standard photodetectors can quickly and cheaply detect. Therefore, Ln-activated materials 
can be successfully utilized as scintillators in essential and widespread imaging techniques 
as computer tomography (CT), and positron emission tomography (PET) 36. 
The energy-converting ability of Ln is rather of import and is not limited to the mentioned 
above context. Lanthanides have a fascinating capability to convert a long-wavelength NIR 
or IR light to a shorter wavelength UV or VIS radiation. This process is known as 
upconversion. During this process, a sequential absorption of several (most often two) 
long-wavelength photons occurs, which leads to the emission of a shorter wavelength (and 
higher energy) photon 38. It can be exploited in medicine in phototherapy or drug delivery. 
Lanthanide-based nanoparticles are an example of the employment of upconverting 
materials to improve release in photo-responsive capsules. The photo-triggered release is a 
satisfactory solution in targeted drug delivery, but one of the main problems is that the 
release is based on a limited range of available photochromic moieties, primarily 
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responsive to UV or VIS light irradiation. These wavelengths have a short penetration 
length, which makes these systems hardly usable in internal medical applications. Thus, 
upconverting materials may provide a decision: NIR light capable of deeply penetrating 
biological tissues is converted by lanthanide-based nanoparticles to UV/VIS radiation. It 
triggers the photo-responsive moieties in capsules and induces the release of the 
encapsulated materials 38. 
An exciting example of utilizing Ln magnetic properties is ferrography techniques applied 
to the study of wear and arthritis in human joints. Pieces of adjacent biological tissues, 
cartilage particles, and bone fragments shed to the synovial fluid in an eroded joint are 
magnetized with Er3+ as it has large magnetic susceptibility and high affinity to bone and 
cartilage. The magnetized particles are then separated in the external magnetic field and 
examined. The method has the potential to be a highly sensitive monitor of the erosion of 
intraarticular surfaces in arthritis treatment 29. 
The spectroscopic properties of the rare earth elements are often described as unique.  In 
this connection, several of their electronic structure features should be noted first. The f-f 
transitions are spin forbidden; therefore, lanthanide ions tend to have pale colors. The f 
orbitals have a so-called "buried" nature in an atom's electron cloud, and their energy is 
only slightly affected by thermal vibrations. This results in a relatively sharp, narrow shape 
of the absorption bands 16. Lanthanide ions have remarkable luminescent properties due to 
their unique 4f orbitals: there are many electronic energy levels, and it allows for a rich 
cascade of radiative and non-radiative relaxation processes in excited lanthanide ions 39. 
Lanthanide luminescence is characterized by rather long lifetimes of the excited states. The 
long lifetimes are a particular advantage for the implementations in biological systems as 
they enable time gating to eliminate the effects of the short-lived background biological 
luminescence 28. 
Ln-based luminescent probes have several bioanalytical applications. It is beneficial to use 
them in studies devoted to protein structures, protein-protein interactions, topology in 
multiprotein complexes 40. A lanthanide binding tag (LBT) may consist, for example, of a 
small peptide easily incorporated into proteins with minimal impact on their structure and 
function 36. Another way to employ the lanthanides' luminescent properties is to construct 
fluoroimmunoassays within Ln-labelled antibodies or antigens 39.  
Even more interestingly, the mentioned above fluoroimmunoassays are not the only area 
where Ln-labelled antibodies are used. They play an important role in mass cytometry, 
which is a combination of the conventional fluorescence-based flow cytometry and time-
of-flight (TOF) mass spectrometry 41. The lanthanide labels (the labelled antibodies) are 
used as stains in single-cell suspensions: most often, they bind to the corresponding 
antigens in cell membranes. The lanthanide species attached are identified and 
quantitatively determined by analysing the cell suspension employing the Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). Thus, it is possible to distinguish 
individual cell types because different cells exhibit different antigen expression levels 36.  
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The reviewed features and applications are not a comprehensive list of the properties and 
implementations of lanthanides relevant for medicinal chemistry but rather an illustrative 
example of the diversity of the possibilities.   
With regard to such a wide range of established and potential applications, there is a 
considerable amount of research being conducted in the coordination chemistry of 
lanthanides with amino acids, sugars, porphyrins, siderophores, various organic acids, and 
other naturally occurring ligands 10. The analysis of binding modes, the determination of 
thermodynamic and kinetic complex stabilities is being conducted, a large amount of 
spectroscopic data is available. Thereby, a deeper understanding of the fundamental 
aspects of f-element complexation is being developed, and the awareness of possible 
biological implications increases.  
 
3.1.3 Radiolanthanides and their application in nuclear medicine 
 
Lanthanides possess several radioisotopes that have established and successfully 
developing nuclear medicine applications because of their favorable and diverse decay 
properties. Moreover, all the trivalent Ln ions have very similar chemical properties and 
coordination chemistry, which makes them interchangeable in the molecular carrier to 
meet the required decay characteristics. According to the World Nuclear Association, the 
use of radiolanthanides in medicine is significant: over 10,000 hospitals worldwide use 
radiolanthanides, and the demand for therapeutic radionuclides is constantly increasing 42. 
 
There are three major production pathways of Ln radioisotopes. The first one consists in 
irradiating the appropriate stable target material by a thermal or epithermal neutron flux in 
a nuclear research reactor. Although there are not many suitable nuclear facilities globally, 
this pathway satisfies a large percentage of total radionuclide consumption 42. It is highly 
efficient and offers the ability to irradiate a high volume of target material, irradiate several 
samples simultaneously, and produce a wide variety of radionuclides. The second, less 
widespread, and less efficient production method is based on the particle accelerator 
(cyclotron) use, where different types of particles (α-particles, protons) are accelerated to 
bombard the targets. The last nuclide production system is called a nuclide generator and 
can be considered an extension of the first pathway, as a starting long-lived parent nuclide 
is produced in a nuclear reactor via neutron irradiation, and afterward, it is loaded onto the 
generator system. The shorter-lived medical nuclides of interest are formed in the 
generator by the parent nuclide's decay and can be selectively eluted then 8.  
 
The radiolanthanides production in nuclear research reactors is worth thorough attention as 
a convenient and well-studied pathway. High specific activities of the resulting 
radionuclides are reached within this method. Specific activity is an amount of the 
radioactivity or decay rate per unit mass of a particular radionuclide, expressed in Bq/g, the 
older unit used in medicine is Ci/g. A target material containing isotopically enriched 
stable Ln isotopes is irradiated with a high thermal neutron flux. The common nuclear 
reactions are neutron capture 𝐿𝑛𝑍
𝐴 (n,ƴ) 𝐿𝑛𝑍






𝐴+2 ; neutron capture followed by ß- decay (through a very short-
lived intermediate formation) 𝐿𝑛𝑍
𝐴 (n,ƴ) 𝐿𝑛𝑍
𝐴+1 (ß-) 𝐿𝑛𝑍+1
𝐴+1 . Additionally, the absorption of 
less efficient (with lower cross-sections) and more energetic epithermal neutrons (for 
orientation En(thermal) = 0,025 eV and En(epithermal) > 0,2 eV) 43 might sometimes result 
in (n,p) reaction. Within the first two strategies, only the carrier-added (ca) radionuclides 
may be produced. At the same time, ß- decay gives the possibility to obtain the non-carrier-
added (nca) product as the Ln with another atomic number (Z) than in target material is 
formed, and the chemical separation is possible 44.  
 
Endoradiotherapy 
Targeted radionuclide therapy is a systemic approach where a radiolabelled compound 
delivers a cytotoxic radiation level to the targeted disease site in the organism. There are 
two major components in any radiopharmaceutical product: a radionuclide by itself and a 
carrier system. The latter may also be called a "targeting vector" or "an affinity 
component" as it ensures the targeted delivery to the desired site (e.g., receptor, antigen on 
the malignant cell surface) and may be represented by a particular peptide, specific 
antibody, or an oligonucleotide 45. The radionuclide is usually attached to the vector via a 
biocompatible chelator and linker (Fig.1); highly thermodynamically, kinetically, and in 
vivo stable lanthanide chelating complexes are used to ensure that the radiolanthanide 
reaches the target site without being detached on its way. Those chelators are frequently 
based on the octadentate coordinating ligands with a polyaminocarboxylate motif (e.g., 
DOTA, DTPA) as it was in the case of Gd-based contrast agents in MRI imaging 
mentioned above; macrocyclic polyaminophosphonic acids and porphyrins are also used 
46.  
 
Figure 1. Schematic representation of a radiopharmaceutical product  8 
There are several criteria to be satisfied for a radiopharmaceutical to be considered as an 
appropriate one. The type of radiation, the energy, the penetration depth of the emitted 
particles, and the half-life of the isotope are extremely important as they define the drug's 
suitability and effectiveness. The emitted particles should destroy harmful cells efficiently 
but penetrate healthy tissues around as little as possible. The half-life of the nuclide must 
be long enough for convenient pre-hospital manipulations with the drug, but not longer 
than a defined limit, because longer half-lives are associated with the increase of the 
background patient radioactivity and lead to lower therapeutic effect. Also, the nuclide's 
half-life has to correspond with the biological half-life of the radiopharmaceutical 47.  
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Once delivered to the right location, the radionuclide fulfils its therapeutic role, e.g., 
destroys the tumor cell DNA by emitting α-, or ß-particles, or Auger, or conversion 
electrons. α-particles possess the highest decay energies in the range of 4,0 – 8,8 MeV; 
they are heavy and do not penetrate deeper than few cell diameters.  As they originate from 
rather heavy nuclei, their use is less abundant with only one isotope - 149Tb - that is used in 
preclinical tests 43. ß- emitters are more important in medicine and more common among 
the radiolanthanides series; those neutron-rich nuclei are easily formed by neutron capture 
in the research reactors. Each Ln species from this group emits ß- particles with different 
energies, therefore the penetration depth is also varying from 5 to more than 150 cell 
diameters. Although the energy of a single emitted ß- particle is not enough to cause 
substantial damage in DNA, labelled molecules usually get distributed heterogeneously in 
a solid tumor and act through the so-called crossfire effect 8. Several radiolanthanides emit 
ß- and ƴ simultaneously and can be suitable for both therapy and diagnosis at once. Such a 
dual approach is called theranostics, with ƴ radiation helping to track the in vivo 
localization of the radiopharmaceutical 8. The last considered type of the emitted particles 
is Auger and conversion electrons that originate from the proton-rich nuclei decaying by 
electron capture or by internal conversion. They have a very short penetration range 
limited to several nm or ⴜm, their energy depends on the electron shells involved in the 
transition, but usually it is very low, ranging from 20 to 500 eV. Due to their short ranges 
in soft tissues, radiopharmaceuticals carrying such emitters should be targeted directly into 
the cell nucleus  43. 
Common medical radiolanthanides, their decay characteristics, production pathways, and 
therapeutic properties are listed in Table 1 below.  
Table 1. Common medical Ln radionuclides and their basic characteristics 47, 8, 43, 42, 46 
Radio- 
nuclide 












The isotope of interest is 
prepared nca; isotopically 
enriched 142Ce is used as 
target material.  




This isotope is used in 
therapy (targeting) but 
rather rarely due to its 
relatively long half-life. 
It is an advantageous 
isotope in terms of 
separation and 
purification, easily 
prepared nca owing to 
CeIVO2 use as target 
material (efficient 
separation of the trivalent 




149  (ß-) 𝑃𝑚61
149 ; 
 
The isotope of interest is 
available nca in high purity 




It is a high-specific 
activity isotope. It finds 
use in targeting some 
specific receptors on 
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(after the proper extraction 
chromatography separation 
from neodymium). 
many tumor cells. It is 
suitable for 
radiolabelling in cancer 
therapy; it is also suitable 






Isotopically enriched 152Sm 
is used as target material. 
The ca product is obtained; 
therefore, it is unsuitable for 
radiolabelling. Upon longer 
irradiation times, the co-




153  (n,ƴ) 𝐸𝑢63
154 . 
Also, the ingrowth of 154Eu 
limits the shelf life (time the 
radionuclide can be safely 
used) of the product as the 
amount of 154Eu that can be 
administered to a patient is 
strictly regulated.  




This isotope is most 
often used in the form of 
153Sm-EDTMP chelate 




seeking properties; it is 
used in palliative care, 
bone metastasis 
treatment. It is an 
important isotope for the 
internal radiotherapy of 
liver tumors; ƴ-photons 
emission can be used for 
imaging (theranostics).  
The isotope's relatively 
short half-life hampers 
the use: because of it, no 
purification takes 
place,153Sm 
is nowadays used only as 






Highly isotopically enriched 
target material is needed, as 
other Gd isotopes (esp. 157Gd 
– a neutron poison due to its 
large cross-section) might 
decrease the product's 
specific activity. The isotope 
of interest is obtained nca 
after the separation from the 
redundant target material. 









It is a medical nuclide of 
increasing relevance over 
the last decade. It has 
similar radionuclidic 
characteristics with 
popular 177Lu but 
increased therapeutic 
efficiency due to Auger 
and conversion electrons 
emission. 







165Ho is an isotope with 
100% natural abundance. 
This route leads to the ca 
product with a moderate 








It is an essential medical 
nuclide. The chelate of 
166Ho with DOTMP 
(DOTMP is a 1,4,7,10-
tetraazacyclododecane-
1,4,7,10-tetramethylene 









This route involves double 
neutron capture followed by 
beta-decay; it leads to the 
nca product with a high 
specific activity.  166Dy is a 
relatively long-lived nuclide 
(t1/2= 81,6 h), so a nuclide 
generator system for 166Ho 
production can be used. The 
described way is 
advantageous because no 
direct access to the nuclear 
reactor is needed, and 
medical radionuclide can be 
obtained on demand.   
radiopharmaceutical for 
multiple myeloma 
treatment targeting bone 
marrow. Other chelates 
were designed and 
explored for bone pain 





were investigated for 
liver tumors/metastases 
treatment. Isotope's ƴ 
radiation is ideally suited 
for imaging. The only 
drawback is the 
relatively short 
radionuclide's half-life, 
so only the hospitals 
within short proximity to 
the production site can 





As seen from the scheme, 
only ca product is available 
by this route; 168Er has a low 
cross-section (σth=1,28 barn), 
resulting in low specific 
activity product.  




This soft ß-emitter is 
used in 
radiosynovectomy (RSV) 
– treatment of small 
inflamed joints in 
rheumatoid arthritis or 




articular injection of 
169Er in colloidal form.  
Due to low specific 
activity and exclusively 
ca form, no tumor 
treatment is possible, but 
on the other hand, this 
isotope can be used by 
patients out of the 
hospital without any 





nca 177Lu is obtained after 












It is one of the most 
popular therapeutic and 
theranostics 





This direct route leading to a 
ca product is efficient and 
gives high specific activity 
product, but minor amounts 
of long-lived metastable 
177mLu are also formed, 
slightly hampering its use as 
the amount of 177mLu present 
is strictly regulated.  
177mLu is a nuclear isomer of 
177Lu – a nucleus with the 
same atomic and mass 
numbers but different 
energy.  
The transition to the ground 
state may occur through ƴ 
emission or internal 
conversion. 177mLu also 
decays via ß-emission.  
bone pain palliation, 
neuroendocrine tumors 
treatment, liver, ovarium, 
and breast cancer 
therapy. 
nca 177Lu formed by the 
first production route is 
used for radiolabelling 
and targeted 
radiotherapy.  
A wide range of 
targeting vectors is being 
investigated to develop 
new 177Lu-based 
radiopharmaceuticals.   
 
Strict requirements are put on the radionuclide purity for safety reasons – to avoid the 
patients' exposure to too high amounts of the long-lived radioactive isotopes. Another 
reason for the demand for highly pure radiolanthanides is that they are needed for 
radiolabelling for efficient coordination because of the limited amount of the available 
receptors in the cell. The target material is sometimes a mixture of adjacent lanthanides 
with extremely similar chemical properties, and after the irradiation, significant amounts of 
the redundant target material stay in the end-product. Moreover, unwanted long-lived 
isotopes may emerge during the irradiation. If the medical nuclide is too short-lived, it may 
decay while being irradiated in the reactor, forming unwanted radioactive daughter 
isotopes - ingrowth. Therefore, different preparation strategies and irradiating times are 
chosen to balance the purity issues with the efficiency of the target material use; and the 
purification techniques become of a great import8. 
There are many different approaches to the radiolanthanides purification problematics 8, 9, 
but often the use of α-hydroxyisobutyric acid (α-HIBA, Fig.2) as a complexing agent takes 
place. This simple α-functionalized acid shows high sensitivity to Ln cation radii 9. The 
typical arrangement is high-performance ion chromatography (HPIC) with cation exchange 
column and gradient elution with α-hydroxyisobutyric acid  solutions of different pH 48. If 
to consider such a system with the aqueous α-HIBA as an eluent, several equilibria take 
place. To put it briefly and simplified, the heavier lanthanide with higher charge density 
will be eluted first as it forms a more stable (with higher stability constant) complex with 
α-HIBA. Afterward, the solution acidification with hydrochloric acid takes place. Thus, the 
Ln- α-HIBA complex is broken, and the Ln species can be separated within a secondary 




Figure 2. The structure of α-hydroxyisobutyric acid 
In searching for suitable complexing agents for lanthanides' separation, different 
carboxylic acids such as glycolic acid, oxalic acid, lactic acid, mandelic acid, and citric 
acid have been tested in various laboratories 7, 49, 48. In this connection, the studies on the 
affinity of the simple carboxylic acids to lanthanides seem worthwhile. 
 
3.2 Oxalic acid in the technology of lanthanides and 
actinides 
 
Oxalic acid, the simplest dicarboxylic acid, has a remarkable position in the chemistry of f-
elements.  
Beforehand, it is a reagent of great importance in the nuclear industry, where it is 
extensively used as a precipitating agent. Oxalic precipitation of actinide (III) and actinide 
(IV) species is a technological method for isolating and purifying actinides 50 exploited in 
nuclear fuel management. It is also exploited in the processing of minor, less abundant 
actinides to synthesize those actinides feedstock for specific uses 1. Oxalate ion being a 
thermally labile ligand, provides a possibility for thermal decomposition of the precipitated 
metal oxalate leading to a stable oxide formation. This process, known as an oxalic 
conversion, is both industrially and scientifically important 51, 4.  
In the nuclear environment, the experiments with unstable, radioactive actinide elements 
are often complicated to conduct. Therefore, actinides are commonly simulated with 
lanthanides to develop and improve the experimental methods in harmless conditions 52. 
For example, in spent nuclear fuel processing, the plutonium in nitric acid solution is 
converted into plutonium dioxide (PuO2) through oxalic conversion (Purex proces 
53, PuO2 
is recycled as MOX fuel). If the precipitation step proceeds under reducing conditions, Pu 
(III) oxalate is precipitated. Lanthanide (III) and actinide (III) basic oxalate hydrates are 
isomorphic. Therefore, to gain experience, the calcination process can be studied on 
lanthanide (Nd, Ce) oxalates systems 54. Both lanthanides and actinides possess f valence 
electrons, and they are relatively close in size and chemical properties. Thus, such an 
approach is reasonable and remains important in the 5f and 4f elements chemistry 55, but 
the similarity is rather rough. Some contemporary studies reveal that ionic and steric 
factors, which are the main contributors to Ln chemistry, are not equally significant for 
actinides: the covalent contribution to the bonding in An(III) complexes was reported 1. 
Moreover, the isomorphous structural arrangements do not ensure that the processes such 
as thermal decomposition will necessarily follow the same mechanism 54.  
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In the mere lanthanides' chemistry, the oxalate method has been used for years to separate 
and prepare lanthanide compounds. Thanks to their low solubilities in aqueous solutions, 
lanthanide oxalates may be used for extracting lanthanides from mineral sources, for their 
gravimetric analytical determination or just for separating them from industrial wastes 2. 
Isomorphism in the lanthanide oxalate series inhibits the preparation of individual Ln 
compounds. Still, the oxalic precipitation method efficiently decontaminates the Ln species 
from foreign cations such as Al, Fe, Ti, or Mn. Oxalate precipitation is also used as a part 
of chemical analysis for assessing Ln-species contents in variable synthetic procedures 5. 
In the same fashion, as it was in the case of actinides, lanthanide oxalates can be 
convenient reactants for the thermal preparation of oxide lattices containing rare earth 
elements, which are often important inorganic materials 3.  
In standard conditions, the oxalate anion is quite a strong complexing agent, stable in terms 
of redox properties. Often, it acts as a bis-bidentate ligand and rigidly bridges the metal 
centres 1, 5, but it also may exhibit various other coordination modes (Fig. 3). For this, 
oxalate anions as ligands are popular in the field of metal-organic frameworks (MOFs). 
Metal-organic frameworks are a class of crystalline porous solids composed of a three-
dimensional network of metal ions that are connected and organized in space by 
multidentate organic molecules 56. 
 
Figure 3. Several coordination modes exhibited by oxalate ligand 1, 56, 57, 6  
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M- stands for metal, ⴜ- here denotes the number of metal atoms bound to the bridging 
ligand (oxalate), κ- is denticity for each coordination interaction. 
In order to obtain various coordination geometries, desired multidimensional structures, 
different advanced approaches are used. Such factors as the synthesis route, conditions, 
presence of additional organic or mineral cations (their charge, dimension, probable 
template effect), and the lanthanide nature (e.g., its ionic radius) affect the construction of 
the obtained framework 5, 6. Hydrothermal or solvothermal conditions realized in the 
autoclave are often employed.  
However, for simple lanthanide separation from aqueous solutions, there is no need for 
sophisticated synthesis techniques, which is one of the main advantages of the method. 
Oxalic precipitation was reported to be quite a robust reaction: it can proceed under 
relatively extreme conditions (at a wide pH range, at different temperatures) 3. In order to 
design the precipitation experiment, several sources (listed below in the text) were used.  
It is documented that there are two isomorphous series of compounds for lanthanides 
obtained at the same precipitation conditions. The elements from La to Ho form the first 
series that is identified as decahydrates. The heavier lanthanides, Er – Lu, were proved to 
form a second isomorphous series – hexahydrates 58. In the cited paper, the authors worked 
in aqueous solutions, without pH control, precipitating the oxalates by the rapid addition of 
oxalic acid solution to the lanthanide nitrate hexahydrate solution (molar ratio acid: metal 
= 2:1) at 95°C. Attempts to prepare the decahydrate phases for the heavier Ln (Er-Lu) were 
unsuccessful even using low-temperature precipitation and lead to partially unidentified 
mixed-phase product formation. Some later studies confirmed that for the simple 
lanthanide oxalates, the transition from CN = 9 to CN = 8 occurs between Er and Ho, 
which corresponds with the transition from the decahydrates to hexahydrates series 5.  
In this work, Gd and Ce were chosen as the lanthanide representatives. Therefore, the 
formation of lanthanide (III) oxalate decahydrates was anticipated.  
In the nuclear industry, in the fuel reprocessing procedures, highly acidic conditions are 
common 53. Nuclear fuel treatment implies complex chemistry which is beyond the scope 
of this work. Nevertheless, it was repeatedly reported that highly acidic solutions tend to 
impair the oxalic precipitation reaction, lowering its efficiency: with the increasing acidity 
of the media, the metal-oxalate complexes' solubilities are getting higher 2. However, even 
in the precipitations pursuing the highest possible Ln recovery from the solution, it is often 
impractical to work at a pH higher than 2 because the purity aspects must be taken into 
consideration. In some cases, at pH>2, less insoluble oxalates of other metals may start to 
precipitate. Moreover, the co-precipitation of such species as Al(OH)3, Fe(OH)3 is possible 
59. Raising the system pH upper than pH=4 is naturally inefficient as the Ln3+ hydrolysis 
may already occur in this pH range. 
In the majority of the examined articles on the topic of oxalate precipitation chemistry, the 
excess of oxalic acid was used 2, 58, 60. As a rule, even a small excess induces a reduction in 
a lanthanide oxalate's solubility in the regarded solution. However, the visible precipitate is 
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easily formed with any molar ratio between the reactants (the acid excess, stoichiometric 
conditions, the excess of the metal ions) 3, 52. 
To conduct a proper precipitation experiment, several solution chemistry calculations were 
performed.  
Oxalic acid is a relatively strong diprotic acid, with its two-step dissociation equilibrium 
described as following 61: 
H2C2O4 + H2O → H3O
+ + HC2O4
-                            K1 = 5,62 · 10
-2 (25 °C)   [1] 
HC2O4
- + H2O → H3O+ + C2O42-                              K2 = 7,24 · 10-5 (25 °C)  [2] 
c(H2C2O4) = [HC2O4
-] + [C2O4









         [4] 
 
In the given equations 1-4, c(H2C2O4) stands for analytical concentration of oxalic acid in 
the solution, expressions in brackets represent the individual species, respectively. ⴔ0 is 
the fraction of dianion species with respect to the analytical (total) concentration of oxalic 
acid in the solution, expressed using two-step dissociation constants, which are not 
specified as their expressions are apparent.  
Figure 4 shows the calculated species distribution of oxalic acid in an aqueous solution as a 
pH function. The calculation was performed in CurTiPot freeware 62. The values of the 
oxalic acid’s pKa1, pKa2
 61 were used to construct the graph.  
 
Figure 4. The calculated species distribution of oxalic acid in aqueous solution as a 
function of pH. 
In Fig. 4, it is seen that at pH=2, the predominant species in the solution is                       
HC2O4
-.                         
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For a particular element, its precipitation by oxalic acid can be expressed with the 
following reaction: 








          [6] 
Ksp = [Ln
3+]2 · [C2O4
2-]3                                  [7] 
 
Herein, Kr is the reaction equilibrium constant, Ksp is the solubility product of the formed 
oxalate. Again, in equation 6, the default expression is rearranged using two-step oxalic 
acid dissociation constants. In handbooks, the solubility products for the oxalates of all 
complete series of rare earth elements are not available; often, in literature 63, 60 
neodymium (III) oxalate as a reference compound is used with its Ksp value of 3 · 10
-27. 
With this number, regarding equation 6, we get values of 1,79 · 1010 for Kr, which indicates 
a nearly complete, quantitative precipitation. Concerning the amount of oxalic acid, the 





 (𝑐𝐿𝑛3+ − [𝐿𝑛
3+])          [8] 
In the given equation 𝑐𝐿𝑛3+  is the initial concentration of lanthanide element in the 
solution, [Ln3+] is its final concentration in supernatant. To explain and demonstrate the 
oxalate excess role in the system, we can combine the solubility product of the salt, Ksp, 
with the equation 4, aiming to count the additional amount of oxalic acid (denoted as HE) 









         [9] 
 
The calculated HE (for the residual concentration [Ln
3+] = 1·10-5 mol/dm3) variation with 




Figure 5. The calculated consumption of oxalic acid to achieve an arbitrary level of 
residual Ln3+ concentration of 1·10-5 as a function of pH. 
From the considerations above, the reason for the excess use of oxalic acid is clear.  
To sum up, the graph showing the efficiency (E) of the precipitation as the function of pH 




           [10] 
 
 
Figure 6. The oxalic precipitation efficiency as the function of pH for the solution 
containing no substantial amount of further precipitating or/and complexing metal ions. 
Based on the aforesaid facile calculations and notes from examined literature 60, the molar 
ratio [H2C2O4]: [Ln
3+] from 2 to 3 was chosen for the experiments, which is higher than the 
corresponding stoichiometric requirement. The reaction was decided to be conducted in an 
aqueous solution without any additional pH adjustment. Although the precipitating 
reaction [5] is proton-productive, there is a weak acid equilibrium (HC2O4
-/ C2O4
2-) in the 
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system, which is expected to stabilize pH. In fact, the pH value stabilization was observed 
at approximately 1,5 – 3 (evaluated with pH paper test; the experiment is described in 
Chapter 4.6).  
The structure of the lanthanide oxalate decahydrates has been described in literature 64, 65, 1. 
The structure was solved in space group P21/c, Ln2(C2O4)3 · 10H2O isomorphic series of 
compounds belong to the monoclinic crystal system. The Ln environment is formed by 
three crystallographically different oxalate anions and three water molecules. Each of the 
oxalate ions binds in a bidentate fashion. Three water molecules are close to the central 
cation: for instance, in cerium oxalate decahydrate, the distance is about 2,52 Å 51. Thus, 
nine oxygen atoms around the Ln metal form a tri-capped trigonal prism. The coordination 
number of the Ln is nine. The LnO9 polyhedron is distorted because the capped positions 
are not occupied by water molecules but by three oxygen atoms from three independent 
oxalate ions. The oxalate ions act as bis-bidentate, bridging (ⴜ2-) ligands. They connect 
the adjacent metal atoms, so a six-membered ring with a chair conformation is formed. The 
rings are connected in a fashion to form a honeycomb 2D arrangement stacked along the b 
axis – in other words, forming layers parallel to the crystallographic plane (010). The basic 
building unit of a lanthanide-oxalate network may be formulated as 
[{Ln(H2O)3}2(C2O4)3]∞. The interlayer distance, as an example taking the gadolinium 
oxalate decahydrate, is about 4,82 Å. There are non-coordinated water molecules in the 
interlayer space located within the aperture of the honeycomb-like layers. To put it another 
way, in a honeycomb network layer, cerium-oxalate units occupy positions y=0, 1/2, 1, and 
so forth; in the interlayer space, free water molecules fit in the positions y=1/2, 3/4, etc. 
These free water molecules are "zeolitic" water, and sometimes to point this fact out, the 
formula of the lanthanide oxalate decahydrate is written as [Ln2(C2O4)3(H2O)6] · nH2O, n 
frequently equal to 4. However, several sources report that the number of interlayer water 
molecules may vary and depends on the synthesis conditions 1. In literature, there is 
evidence of n=3,5 66 (Ln2(C2O4)3 · 9,5H2O) for lanthanum oxalate structure; n=4,5 
1 
(Ln2(C2O4)3 · 10,5H2O) for neodymium oxalate structure. Gadolinium oxalate free of 
uncoordinated water was also obtained under hydrothermal conditions 67. The structure 
was reported to remain layered with some deformations due to the changes in the bond 
angles. Thereby, the oxalic acid precipitation chemistry remains of interest.  
Some structural features of the lanthanide oxalate decahydrates described above are 
depicted in Chapter 5.5.   
 
3.3 Glyoxylic acid 
 
Glyoxylic acid (also 2-oxoacetic or formylformic acid) is the simplest known compound 




Figure 7. Molecular diagram of glyoxylic acid 
This α-oxocarboxylic acid plays a significant role in organic synthesis due to its 
bifunctional nature 68. It is a reagent of importance in many industrial branches 69, 
including the food industry (vanillin production) 70 , agrochemistry, cosmetics 68, 71. A 
range of the pharmaceutical intermediates is synthesized within glyoxylic acid 72. It is also 
a compound of interest in environmental chemistry issues because it is a natural 
component of the atmospheric aerosols 73. Glyoxylic acid is encountered in nature and 
plays an essential biochemical role: in animals, it is a component of several metabolic 
processes; in plants and bacteria, it is a key compound in the glyoxylate cycle, which 
enables these organisms to convert fatty acids into carbohydrates 69, 72.  
In medicinal chemistry, it is a well-known compound not only due to its biochemical 
function; the acid and its derivatives are also an investigation object for their potential 
applications. For example, the natural abundance of the acid and its relatively low toxicity 
69 accounted for the development of the class of polymers with potential implementation in 
controlled release drug delivery 74. Those are the polymers on the base of the esters of 
glyoxylic acid. The poly (alkyl glyoxylates) have beneficial chelating properties and show 
excellent biodegradability as they are self-immolative: they depolymerize upon a definite 
stimulus, ultimately generating the corresponding alkyl alcohol and glyoxylic acid hydrate, 
which can be normally metabolized in the body 75.  
However, little is known about the glyoxylic acid interactions with metals. The data on the 
aqueous solution chemistry of glyoxylic acid, its features as a ligand in coordination 
chemistry, and its physicochemical properties relevant to this context are rather scarce.  
Glyoxylic acid crystallizes in the form of monohydrate, C2H2O3 · H2O. It is a colorless or 
straw yellow crystalline solid. It was reported that the hydrate water could not be removed 
by treatment with the dehydration agents even under the reduced pressure conditions 68. 
The crystals are highly hygroscopic 76; the compound is highly hydrophilic. It is soluble in 
water and alcohols (with alcohols it reacts), and in water-miscible organic solvents, 
insoluble in ethers and non-polar organic solvents. When dry, the monohydrate has a 
melting point of 50-52 °C. The acid is commercially supplied in solid form or as a 50% 
water solution; the solution density is 1,34 g/cm3, 20°C 77.  
The early powder X-ray diffraction studies reported that the acid monohydrate isolated 
from aqueous solution exists in the solid form as 2,2-dihydroxyacetic acid 78. At the same 
time, the 1H-NMR and 13C-NMR data were published, indicating that in aqueous solutions, 
glyoxylic acid exists mainly as 2,2-dihydroxyacetic acid. A minor amount of linear dimeric 




Figure 8. 2,2-dihydroxyacetic acid (1) and the linear dimer (2) 
The formation of 2,2-dihydroxyacetic acid in the presence of water is a reaction typical for 
the aldehydic function – the geminal diol formation (Fig.9). 
 
 
Figure 9. The gem-diol formation reaction for the two protolytic forms of glyoxylic acid: 
R1 = -COOH or -COO – (glyoxylic acid or glyoxylate ion form), R2 = -H  




          [11] 
In equation 11, KH is the hydration equilibrium constant; the expressions in brackets 
represent the equilibrium concentrations of the corresponding species (gem-diol and 
carbonyl forms). 
As the cited sources report, the prevalent species in the solution is the gem-diol form of the 
acid: the equilibrium position is shifted to the right in the reaction as written in Fig. 9. The 
KH of this reversible hydration process was found to be 3,0 · 10
2 for glyoxylic acid and 
15,1 for glyoxylate ion at room temperature 79.  
The geminal diol formation can alter some physicochemical properties of the molecules. 
For example, vapor pressure is impacted: the hydrated form (diol) shows lower values than 
the keto-form. This is because gem diols tend to form stronger inter- and intramolecular 
hydrogen bonds compared to their carbonyl analogs 80. The phenomenon of the 2,2-
dihydroxyacetic acid formation is also important from the chemical point of view as this is 
the form in which the acid in aqueous solutions interacts with metals.  
In the absence of water in the isolated state, the glyoxylic acid exists mainly as a cyclic 
intramolecularly H-bonded conformer (as confirmed by the vibrational spectroscopy 




Figure 10. The scheme of the intramolecular bonding in the isolated glyoxylic acid. 
 
Most of the reactions typical for glyoxylic acid will not be mentioned here as they belong 
to the organic synthesis scope, but the chemical properties possibly relevant to the 
problematics concerned in this work will be briefly described below. Being a carboxylic 
acid, glyoxylic acid reacts with bases forming corresponding salts. However, on additional 
heating, glyoxylic acid disproportionates to the mixture of glycolic acid and oxalic acid or 
their salts 68 (Fig. 11). This reaction may also proceed without the presence of a base, to a 
lesser extent.  
 
Figure 11. Disproportionation of glyoxylic acid 
Glyoxylic acid has reducing properties and may be employed in technology as a non-toxic 
reducing agent 82. It is stable in the air but can be oxidized to oxalic acid by nitric acid (Fig. 
12).   
 
Figure 12. Oxidation of glyoxylic acid 
Glyoxylic acid may form complexes with alkali and alkaline-earth metal ions: it was 
reported to have a chelating power of 30 mg of calcium carbonate (CaCO3) per gram of its 
50% aqueous solution 69. However, more detailed data on this matter are not found in the 
literature. Another publication reported the formation of calcium glyoxylate hemihydrate 
precipitate (Figure 13; curdy, white solid is formed) in the reaction of glyoxylic acid with 
calcium hydroxide in molar ratio acid: base = 2: 1 in aqueous solutions in pH range 1,6-5,0 




Figure 13. Calcium glyoxylate precipitation scheme 
Further, the separation and purification issues may be of certain interest for this work's 
scope. As described in several sources, the crystallization or recrystallization of glyoxylic 
acid from the solution is quite a laborious process, which requires time or sophisticated 
equipment. The glyoxylic acid monohydrate isolation in solid-state from an aqueous 
solution may require reduced pressure conditions, adding the seed crystals and specific 
temperature program. The use of drying agents (e.g., fresh P2O5) can also be beneficial. As 
revealed by XRD diffraction studies of the crystallization products, the varying conditions 
of the crystallization (temperature, pressure, the choice of drying agent) lead to products 
with a slight variation in the proportion of hydrate water 68, 78. Despite the crystallization 
process's difficulties, the properly obtained product is not just an amorphous mass of solid 
material but crystalline. 
 
 
3.4 Oxamic acid 
 
Oxamic acid (also 2-amino-2-oxoethanoic acid or 2-amino-2-oxoacetic acid) is the 
simplest known organic acid containing an amide group. Formally it is a derivative of 
oxalic acid - its monoamide (C2H3NO3, Fig. 14). 
 
Figure 14. Molecular diagram of oxamic acid 
Oxamic acid is available commercially in the form of a white, fluffy, very fine water-
soluble powder. Its melting point was reported to be 209 °C; the acid decomposes at its 
melting point 84. Oxamic acid is a very polar molecule, and it is very slightly soluble in 
nonpolar organic solvents 85. No data concerning the acid's quantitative solubility 
parameters and its stability in the aqueous solution were found. According to the 
DrugBank website, ALOGPS (Virtual Computational Chemistry Laboratory), water 
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solubility is predicted to be around 108.0 mg/mL at room temperature, and the predicted 
pKa value is 2.49. As the available form of oxamic acid is a fine powder, several attempts 
were made to obtain larger crystals 86. Small crystallites were achieved within the 
procedure, where oxamic acid was dissolved in the mixture of methanol and water, and the 
obtained saturated solution seeded with small grains of oxamic acid was slowly 
evaporated. Numerous attempts to obtain large crystals suitable for single-crystal X-ray 
diffraction studies by slow evaporation in various solvents have been carried out, but 
mostly unsuccessfully. However, a few crystals were obtained by a crystallization 
experiment conducted in ethanol 86.  
As seen from the Fig.14, oxamic acid is isoelectronic with pyruvic acid (C3H4O3), which is 
one of the most important biochemical compounds 87. This fact is the underground for 
some oxamic acid features relevant for biochemistry and their sequent implementations. 
Pyruvic acid is a substrate for the enzyme lactate dehydrogenase (LDH), involved in the 
glycolysis. Oxamic acid, the pyruvic acid isosteric analog, was proven to be the lactate 
dehydrogenase inhibitor 88. Therefore, the acid may be implemented in biotechnology in 
the analysis of the materials containing LDH 85, in the selective separation of this enzyme. 
Some early studies 84 report the anticancer activity of oxamic acid: sodium oxamate was 
found to be active in the glucose metabolism in carcinoma cells. The effect is probably 
related to the mentioned above inhibition of LDH. 
Oxamic acid is a by-product in some synthetic procedures in the pharmaceutical industry 
89. It has several polymer chemistry applications, where it is exploited as a useful substrate 
for modification of structure and properties of polymers 90.  
Despite its chemical simplicity, few data on the acid's physicochemical properties are 
available.  
Attracted by the oxamic acid's steric similarity to pyruvic acid, Raczynska et al. 85  
undertook systematic studies on both acids' geometrical properties. Prototropic 
tautomerism (Fig. 15) exhibited by the acids was the main subject of investigation. Keto-
enol conversion of pyruvic acid is a well-known and thoroughly studied phenomenon 91, 
but the same cannot be said about oxamic acid. The authors 85 carried out quantum-
chemical calculations on the amide-iminol tautomerism of oxamic acid. They concluded 
that the amide tautomer has substantially greater thermodynamic stability than the iminol 
tautomer, irrespective of the environment (whether it is solid-state, gas phase, or solution). 
At all, there is no experimental evidence for the existence of the iminol forms 86. Three 
amide structures that may be theoretically determined in the gas phase or in the nonpolar 
environment are shown in Fig. 16.  
 





Figure 16. Intramolecular interactions for the amide structures of oxamic acid in the gas 
phase.  
Several studies by IR and Raman spectroscopy on oxamic acid and its simple salts had 
been carried out relatively long ago 92, 93, 84. The solid-state hydrogen-bonding patterns 
were the main interest of those studies. Dicarboxylic acids in which one of the carboxylic 
functions is substituted by a primary amide function are a class of compounds interesting 
in terms of hydrogen bonding as they exhibit proton donating groups (-OH and  
-NH-) and proton accepting groups (=C=O), which gives a variety of possible hydrogen 
bonding patterns. The deprotonated dicarboxylic acids' monoamides capable of generating 
the extended hydrogen-bonded motifs may be implemented as useful building blocks for 
crystal engineering 94. Based on the spectroscopic studies' results, the authors 92, 93, 84 
assumed  that oxamic acid behaves as a linear hydrogen-bonded polymer with alternating 
intermolecular cyclic acid-acid and cyclic amide-amide dimers. However, this assumption 
is inconsistent with the latest data. In fact, the complex 2D hydrogen-bonding pattern in the 
acid's structure is based on the cyclic amide-acid dimeric unit (Fig. 17). So, cyclic non-
centrosymmetric amide-acid heterosynthons control the packing of oxamic acid 95. 
 
Figure 17. Hydrogen bond pattern in solid oxamic acid. The intramolecular H-bonds are 
also shown.  
However, when it comes to the anionic motifs displayed by oxamate anion, [OOCCONH2]
 
-, other types of hydrogen-bonded scaffolding may be met. Single-crystal XRD studies 94 
revealed the preferential assembly patterns displayed by oxamate anion in several simple 
salts with organic cations such as piperidinium, imidazolium, and N-substituted 
ammonium (Fig. 18). In the same fashion as in the pure oxamic acid structure, in salts, the 
oxamate dimers may aggregate into infinite one-dimensional sequences. The remaining 
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hydrogen-bond sites are then available for cross-linking between the adjacent 1D motifs, 
forming layers - 2D scaffolding.  
 
Figure 18. An example of the dimeric motifs that are present in several simple oxamate 
salts with organic cations. 
The crystal structure of oxamic acid was reported relatively recently, in the year 2018 86. 
The anhydrous acid crystallizes in a monoclinic crystal system in space group Cc (№ 9). 
The molecules are close to planar, interact through carboxyl-amide H-bonds (as shown in 
Fig. 17), and form ribbons (not linear chains) that run along the b axis. The adjacent 
ribbons interact and form layers parallel to the ab plane (Fig. 19). The layers are connected 
and held together by van der Waals's interactions. The image in Fig.19 is adapted from the 
cited source. 
 









If to expand on a topic raised in Chapter 3.4, it is proper to turn to the ligating possibilities 
of oxamic acid, which are interesting and versatile. Concerning the coordination modes, 
oxamic acid may act as a di-, tri-, or tetradentate ligand. Regarding its charge, it may act as 
mono- or dianion, losing the carboxylate or both carboxylate and one amide hydrogens, 
respectively 96. The seven oxamate coordination possibilities described in literature are 
shown in Fig. 20.  
After ionization of the carboxylic hydrogen (as a monoanion abbreviated as Hoxm-), it may 
coordinate to metal ions through its carboxylate and amide oxygens (Fig. 20, a) 97, 98. Still, 
as a monoanion, it can coordinate through both of the carboxylate oxygens (Fig. 20, b) 96, 99 
or through one carboxylate oxygen and one nitrogen atom (Fig. 20, d) 100. In cases a) and 
d), the five-membered chelate ring is formed. Still, as a monoanion, it may display the 
monodentate binding mode coordinating through one carboxylate oxygen atom (Fig. 20, c) 
96, or it may also behave as a tridentate ligand using all oxygens present in the molecule for 
coordination (Fig. 20, e) 99. After the removal of the second ionizable hydrogen (one of the 
amide hydrogens), the dianion form (oxm2-) is attained. It may act as a bidentate ligand 
coordinating through one carboxylate oxygen atom and one amide nitrogen atom; the 
chelate ring is formed in this case (Fig. 20, f) 101. The oxm2- ion may also appear as a 
tetradentate bridging ⴜ-ligand in binuclear or polynuclear complexes (Fig. 20, g) 98.  
 
Figure 20. The ligating possibilities of oxamic acid. The circled atoms are those 
participating in the coordination polyhedra 
Oxamates as ligands received some attention in the coordination chemistry of lanthanides 
102, 103, 96. More studies, supported by structural and spectroscopic data, are available for the 
oxamate complexes of transition metals 104, 105, 101, 106. The research on the oxamic acid 
exploitation in polynuclear heterometallic complexes synthesis revealed no studies of this 
type present in literature. However, oxamic acid N-substituted derivatives are relatively 
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popular in crystal engineering of such systems 107, but this matter is out of this work 
scope.   
When it comes to the complexes of divalent and trivalent transition metal cations, oxamate 
anion often demonstrates coordination modes that lead to the formation of five-membered 
chelate rings (as shown on the schemes a), d) and f) in Fig. 20). Both Hoxm- and oxm2- 
compounds are known 106, 101. For example, the complexes of general formula 
M(H2NCOCOO)2·2H2O (M = Mn
II, CoII, NiII, ZnII) may be mentioned. As confirmed by 
the vibrational analysis 104, the structure of these complexes is trans-octahedral with the 
apical positions occupied by water molecules; oxamate anion coordinates through the 
amide oxygen and one carboxylic oxygen as donor atoms (Fig. 21, a). The thermal 
decomposition process leads to the formation of the oligomeric structures [(C2H2NO3) M 
(C2H2NO3)] n, where oxamate anion bridges the metal cations forming the oligomeric 
chain (Fig. 21, b).  
The complexes with monoanionic oxamate species are chosen as an illustration here 
because, in the practical part of this work, there are no experiments to be conducted in 
strongly alkaline media, making the dianion (oxm2-) species occurrence rather unlikely and 
irrelevant. 
 
Figure 21. Trans-octahedral structure of M(H2NCOCOO)2 · 2H2O (M = Mn
II, CoII, NiII, 
ZnII) (a) and molecular structure of the oligomer formed during thermal decomposition (b). 
Eventually, it is necessary to introduce several advances in lanthanide oxamates chemistry. 
Different types of complexes were synthesized, but only a few were prepared with a 
satisfactory crystallinity degree to determine structure from the XRD patterns 108. Both 
compounds of the oxamate monoanionic and dianionic forms are described 109, 103. Oxamic 
acid demonstrates various coordination modes (Fig. 20) in different complexes.  
The anionic complexes of general formula K3[Ln(oxm
2-)3(H2O)3] are a typical example of 
the compounds with double-deprotonated oxamic acid species 103, 102. Those compounds 
are obtained from the systems with high pH values (pH = 11 – 13) maintained by KOH 
solution slow adding. The stated pH value is a rough estimation calculated from the 
published experimental data 102. Noticeably, in the cited papers, much more rapidly and 
easily obtained stable precipitates were obtained using DMSO-water mixture rather than 
pure aqueous systems. However, there was no evidence of either coordinated or lattice 
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DMSO molecules in the prepared lanthanide oxamates, even though dimethyl sulfoxide 
has higher electron-donating activity than water. 
The standard preparation route of Ln(Hoxm-)3·nH2O compounds involves mixing the 
corresponding metal salt (e.g., lanthanide chlorides 100 LnCl3·6H2O or LnCl3·7H2O, basic 
lanthanide carbonates 99 Ln2(OH)2(CO3)2·mH2O) maintained in water or water-ethanol 
mixture with a water solution or suspension of oxamic acid with or without the addition of 
the base (e.g., NaOH) 100; different ratios metal: oxamate are tested and described in 
literature 100, 99.  Different conditions (temperature, magnetic stirring) are used in different 
works. The formation of the microcrystalline powder-like precipitates is reported by 
several researchers 100, others 96, 99 stated the method of obtaining the solid-state oxamates 
by the evaporation of the solutions of the respective metal oxamates to dryness in a water 
bath, following by the drying in an oven and a desiccator. However, relatively diluted 
systems (high volumes of the solvents) are used in the latter case, so resultant oxamate 
compounds' solubilities in both cases are difficult to be assessed. Nevertheless, many 
authors agree on the fact that the generally low solubility of the oxamate1- complexes may 
be an indication of their polymeric character 100, 109. 
In the chemical formula of the compounds discussed above (Ln (Hoxm-)3 · nH2O), n is the 
number of the coordinated/lattice water molecules; it varies depending on the specific 
metal, the preparation conditions, and also differs from one paper to another.  
One interesting observation made during the analysis of the published experimental data on 
the oxamate compounds preparation is that relating to the similar concentrations (mol/l) of 
oxamic acid in the water, terms "water solution" and "water suspension" are used 
alternately in different sources. This inconsistency may be due to the slow kinetics of the 
dissolution of oxamic acid in water. There is no data concerning the solubility of oxamic 
acid published, so oxamic acid's solubility was studied in a practical part of this work. 
Furthermore, the oxamic acid probable hydrolysis aspects are not taken into account in the 
mentioned above articles. At the same time, there are many reports 66, 110 about the oxamic 
acid aqueous solutions hydrolysis phenomenon. Therefore, in the current work, the 
lanthanide – oxamate interactions were examined, emphasizing the oxamic acid 
stability/decomposition aspect.  
As an example of the oxamate1- complex, the following compound of holmium (III) may 
be mentioned: [Ho (Hoxm-)3 (H2O)3]4 ·2,75H2O. As revealed from the single crystal XRD 
studies 108, holmium atoms are nine-coordinated: nine oxygens are contributed by three 
bidentate oxamates and three water molecules. The coordination number of the metal is 
nine, even though heavier Ln usually prefer the coordination number of eight. The 
coordination polyhedron is a tricapped trigonal prism: three oxygens from water and three 
oxygens from oxamates form the prism; the remaining three oxygens from oxamates fulfil 
the "caps" positions outside the midpoints of the rectangular faces of the prism. This 
geometry is quite popular among the complexes of lanthanides with oxygen donors (Fig. 
22). So, oxamic acid acts as bidentate O, O- non-bridging ligand. If to go into further 
structural details, it is appropriate to describe the hydrogen bonding pattern briefly. 
Hydrogen bonding is responsible for the formation of "polymeric" chains (perpendicular to 
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b axes, parallel to a-c plane) and layers. The adjacent layers in the b direction are also held 
together by H-bonds.  The Ho coordination environment illustration in Fig. 22 is adapted 
from the cited article.  
 
Figure 22. The coordination environment of Ho atom in [Ho (Hoxm-)3 (H2O)3]4 ·2,75H2O 
complex 108.  
Metal glyoxylates 
Glyoxylates as ligands are not popular in coordination chemistry: there are barely any 
studies focused on glyoxylic acid complexes in literature.  
Though, several bis-hydrazine metal glyoxylates were reported 111, 112. The series of the 
complexes with the suggested molecular formula of Ln(glyoxylate -1)3(N2H4)2, where Ln 
(III) = La, Ce, Pr, Nd, Gd 111; and M(glyoxylate -1)2(N2H4)2, where M (II) = Mg, Mn, Co, 
Ni, Cu, Zn or Cd 112 were prepared. The coordination number of 9 was assigned for the 
Ln3+ ion in the Ln(glyoxylate -1)3(N2H4)2 series. The coordination environment of the Ln
3+ 
ion was suggested to be formed by three bidentate glyoxylates, one bridging (bidentate) 
hydrazine molecule, and one monodentate non-bridging hydrazine molecule; the 2D 
polymeric structure is expected. 
However, there is no consistent and reliable data available, and even the proposed general 
formula of the mentioned above complexes is questionable. The authors 112, 111 report 
obtaining the powder-like crystalline compounds with neutral hydrazine molecules in the 
composition, stable in air and insoluble in water and alcohol. In all the described cases, an 
aqueous mixture of glyoxylic acid monohydrate and hydrazine hydrate (in excess) is mixed 
with the corresponding metal nitrate's water solution.  The attempts to isolate solid 
hydrazinium glyoxylate undertaken to examine and characterize the ligand were 
unsuccessful and led to obtaining dark brown gel. More recently, under slightly different 
conditions working with M2+ cations of several 3d metals, other researchers obtained the 
metal (II) hydrazone glyoxylate dihydrates [M(OOCCH=NNH2)2(H2O)2] 
113. The 
condensation of the aldehydic function of glyoxylic acid with hydrazine is a probable 
process indeed. Thus, the composition, structure, and physicochemical characteristics of 
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the compounds mentioned in the current paragraph are, in reality, rather poorly understood 
and need further investigation. 
A much more interesting and well-studied case concerns the heteropolynuclear 
coordination compounds referred to as polyhydroxoglyoxylates. Several reports in the 
literature describe the synthesis and characterization (physicochemical, thermal, and 
spectroscopic analysis, X-ray diffractometry) of these compounds 114, 115. In most synthetic 
procedures glyoxylic acid is generated in situ as an oxidation product of ethylene glycol 
(EG). An oxidizing agent is nitric acid in aqueous solution: 
NO3
- + 3e- + 4H+ ⇌ NO + 2H2O                                   [12] 
C2H3O4
- + 6e- + 7H+ ⇌ C2H4(OH)2 + 2H2O                 [13] 
C2H4(OH)2 + 2NO3
- + H+ ⇌ C2H3O4- + 2NO + 2H2O             [14] 
Equations 12 to 14 depict the redox reaction between the nitrate anion and EG; glyoxylate 
anion produced by oxidation is written straight away in its hydrated form. The molecular 
formulae are clarified by the structural formulae given in Fig. 23.  
 
Figure 23. The glyoxylic acid hydrate formation (a) and the EG oxidation scheme (b) 
As an example of the indicated type of coordination compounds, the complex with the 
following composition formula may be mentioned: Co4Fe10(L)9(OH)20(H2O)32·14H2O 
114, 
where L is the glyoxylate dianion (C2H2O4
2−, Fig. 24). 
 
Figure 24. The glyoxylate dianion structural formula (C2H2O4
2−) 
The synthesis of this coordination compound is based on the in situ oxidation of EG by 
nitrate anion in water-diol mixture with the corresponding metals nitrates present in the 
solution, with the pH value set at 3,0 (maintained by concentrated HNO3 drops adding) 
under heating. The solid, powdery, reddish-brown product is precipitated. It is a very stable 
compound, obtained with low crystallinity degree, practically insoluble in water and 
common organic solvents; its composition in the pure state does not change with time, and 
it can be destroyed only by strongly acidic media or by the ammonium treatment 114 (Co2+ 
forms ammine complexes) 16. The authors concluded that the Co2+ and Fe3+ cations have a 
pseudo-octahedral coordination environment, as confirmed by their experimental data.  
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The suggested structure of the indicated heteropolynuclear coordination compound is 
shown in Fig. 25. The picture is taken from the cited source. 
 
Figure 25. The proposed structure of Co(II)–Fe(III) polyhydroxoglyoxylate 114 
As it is seen from Fig. 25, glyoxylate ions in the dianion form act as bridging (ⴜ2 - κ2: κ2) 
tetradentate chelating ligands connecting the adjacent metal centres. 
The polyhydroxoglyoxylate compounds of the discussed above type are often investigated 
in the context of the production of the nanosized metal oxides 116. Actually, heteronuclear 
complexes' thermal decomposition is one of the simplest techniques for preparing the 
mixed oxide nanoparticles 115. The synthesis route involves preparing the precursor 
heteronuclear metal glyoxylate complex and its subsequent thermal decomposition to 
obtain the desired nanoparticles. The precursor complex is prepared via the route involving 
oxidation of ethylene glycol by nitrate ions; the emerged glyoxylic acid dianion 
immediately chelates and bridges the metal centres and forms the insoluble coordination 
compound. As the main interest of the process is to prepare the oxide nanoparticles, the 





4. Experimental part 
4.1. Materials and characterization methods 
 
Materials 
All chemicals used in the experiments are listed below. All chemicals and solvents were 
used as received without further purification. 
 
Oxamic acid (Sigma-Aldrich, >98% purity), glyoxylic acid monohydrate (Sigma-Aldrich), 
sodium hydroxide (Sigma-Aldrich, BioXtra, ≥98% (acidimetric), pellets (anhydrous)), 
oxalic acid dihydrate (COOH)2·2H2O, Sigma-Aldrich, ≥99% purity). Ce (III) nitrate 
hexahydrate (Sigma-Aldrich, 99,99% purity), Gd (III) nitrate hexahydrate (Sigma-Aldrich, 
99,99% purity). 




All graphs were made using a Microsoft Office Excel program if other is not specified. 
 
Powder X-ray diffraction (XRD) 
To study the phase compositions of the samples, powder X-ray diffraction was used. XRD 
patterns were recorded by a PANalytical X’Pert PRO diffractometer (Cu Kα radiation), 
equipped by a secondary monochromator and PIXcel detector using a Data Collector 
control software (Malvern PANalytical) at the Science Faculty, Charles University, 
Prague. Profile analysis was undertaken with Profex117 open-source software and 
Jana2006118.   
 
Scanning Electron microscopy (SEM) 
The morphology of the final powders was studied under scanning electron microscopes 
JEOL JSM-6510 and Philips CP XL 30 at the Institute of Inorganic Chemistry of the 
Czech Academy of Sciences. The samples were coated with a thin Au/Pd layer or as 
received.   
 
Micro-Raman spectroscopy  
Raman spectra were recorded on the Nexus Nicolet module attached to Nicolet 6700 
spectrometer with Nd:YVO4 excitation laser (1064 nm) at the Science Faculty, Charles 
University, Prague. Spectra were recorded between 100 and 3700 cm−1 with 4 cm−1 step, 
256 scans, InGaAs detector, and 1.3 W laser power. 
 
Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) measurements were carried out at the Science Faculty, 
Charles University, Prague under air on a Mettler Toledo TGA 1 Stare thermal instrument 
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with a heating rate of 3 K min-1 and a gas flow of 20 mL min-1 in a 70 µL aluminum oxide 
crucible.  
 
4.2 The acids’ solubility determination experiments 
 
In order to determine the oxamic acid solubility in water (and subsequently to try the same 
with glyoxylic acid), the following experimental setup was constructed. In the three-neck 
round-bottom flask, the saturated solution of oxamic acid in equilibrium with undissolved 
oxamic acid was prepared. The flask was immersed in a water bath with temperature 
control. An air condenser was attached to the middle neck of the flask, the side necks’ 
openings were capped with plastic stoppers.  
As the solubility of oxamic acid is an unknown quantity, the preparation of the solution 
was directed by the undissolved solute presence in the system. The preliminary 
experiments showed that the dissolution of oxamic acid in water proceeds at a low kinetic 
rate. Therefore, the temperature was set at 30 °C, and three days were left for oxamic to 
dissolve completely; the solution was periodically magnetically stirred. Then, the 
temperature was set at 25 °C, and the system was left to stand for three more days for the 
nominal dissolution equilibrium to be established. The term “nominal dissolution 
equilibrium” implies that no accurate thermodynamic calculations were conducted, and it 
is not absolutely correct to use the term “dissolution equilibrium” explicitly. This work 
aimed to tentatively evaluate the oxamic acid’s solubility in water and express it in g per 
100 g of solvent units. 
A set consisting of five small pear-shaped flasks was prepared. The flasks were rinsed with 
a mixture of detergent and citric acid, with copious volumes of tap water, and then with 
deionized water; the glassware was kept in an oven at 110 °C overnight. The dried flasks 
were weighed. Five 2 ml samples of the oxamic acid saturated solution were taken and 
added to the correspondingly numbered pear-shaped flasks. The flasks with the analyzed 
solution aliquots were weighed, and the exact masses of the aliquots were counted. The 
samples were evaporated to dryness using the rotary evaporator. The solid residues in the 
flasks were dried in the desiccator for three days. Afterward, the flasks with the dry 




4.3 The oxamic acid and glyoxylic acid’s pKa values 
determination 
 
To assess the acid-base behavior of the examined acids, the pKa values determination was 
conducted by the potentiometric acid-base titration method. The titrations were monitored 
with a pH meter; an acid-base indicator (phenolphthalein) was added to the solutions of the 
analytes for easy qualitative assessment of the equivalence point. The pKa values were 
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read from the titration curves in accordance with the Henderson-Hasselbalch equation 
(Equation 15). 
pH = pKa + 𝑙𝑜𝑔
[𝐴−]
[𝐻𝐴]
                                                                            [15] 
In equation 15, [A-] is the relative concentration of the dissociated form of the acid, [HA] 
is the relative concentration of the undissociated form of the acid. The half-equivalence 
point gives pH = pKa. This simple speculation is valid for weak monobasic acids, which 
dissociate in the solution according to the following scheme: HA ⇌ H+ + A-.  
Generally, the dissociation constant of an arbitrary dissociation step (numbered n) of an m-
basic acid is given as follows: 
 





                                                           [16] 
 
For a monobasic acid:  
 
KA (HA) = 
[𝐻+][𝐴−]
[𝐻𝐴]
                                                                                 [17] 
 
Glyoxylic acid is a monobasic acid with its dissociation constant described as it is given in 
Equation 17. Therefore, this acid was anticipated to display a titration curve with one 
inflection (one equivalence point). On the other hand, oxamic acid has two potentially 
ionizable hydrogens. A titration curve with two inflection points was anticipated. However, 
the appearance of the experimental oxamic acid titration curve was explicitly an 
appearance of a monobasic acid’s titration curve (Fig. 27, Chapter 5.2). So, under the 
chosen experimental conditions, oxamic acid behaves as a monobasic acid, dissociating in 
one step, releasing only its carboxylic hydrogen.  
 
Procedure 
In a 250 ml volumetric flask, a stock titrant solution of NaOH (V = 250 ml) with 
approximate concentration 0,1 mol·dm-3 was prepared. The solution was kept stoppered in 
a volumetric flask to prevent the absorption of the atmospheric CO2 and the formation of 
CO3
2– ions, which may interfere with the equivalence point (the slope of the titration curve 
at the inflection point may be decreased). The determination of the exact concentration of 
this solution (the standardization of the titrant solution) was conducted. Oxalic acid 
dihydrate was used as a primary standard for this procedure. The biuret was filled with 
NaOH solution. The precisely weighed amount of the standard was quantitatively tapped 
out to the Erlenmeyer flask and dissolved in distilled water; phenolphthalein was used as 
an indicator. The obtained oxalic acid solution was titrated with NaOH till the endpoint 
(the color change from colorless to pink). The neutralization reaction between NaOH and 
oxalic acid runs according to Equation 18: 
2NaOH + (CO2H)2 → (CO2Na)2 + 2H2O                                                         [18]  
The procedure was repeated three times, the exact molarity of the NaOH solution was 
counted. The Q-test did not exclude any values, and the average value was taken as a final 
exact concentration of the titrant solution. According to the goals of the current 
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experiment, the knowledge of the exact concentration of the titrant solution was not 
necessary. Nevertheless, it was determined to follow the proper chemical protocol.   
The pH-meter was calibrated with the use of pH4 and pH7 buffer solutions.  
The solutions of the examined acids were prepared in the titration flasks (50 ml, 9,5 · 10-3 
mol·dm-3). The concentrations and the amounts of all the solutions were chosen to be as 
stated for convenience reasons.   
The potentiometric titrations of the oxamic acid and glyoxylic acid solutions were 
conducted, the pH values were read from the pH-meter display and recorded. The 
temperature in the laboratory was 25 °C. The titration curves are shown in Fig. 27 and 28 
(Chapter 5.2).  
 
 
4.4 The identification of the oxamic acid decomposition 
product 
 
Several orientational tests were conducted to identify the chemical nature of the oxamic 
acid decomposition product. The aqueous mixture remained after all the manipulations of 
the solubility determination experiments was analyzed. In total, this system was heated up 
(using an oil bath) and cooled down several times; the highest temperature was 85 °C. The 
content of the flask was not protected from daylight. Several samples of the solution from 
the leftover two-phase mixture in a three-neck flask were taken and transferred into the test 
tubes. The qualitative analysis tests were conducted following a standard analytical 
chemistry protocol 119 . To make a first educated guess, the chemical nature of oxamic acid 
was considered (it is a monoamide of a dicarboxylic acid – oxalic acid). According to the 
preliminary suggestion, oxalate ions and ammonium ions’ presence was tested. 
Several drops of NaOH solution were added to the first test tube, and the test tube was 
gently heated. A damp universal indicator paper test detected ammonia gas evolution. To 
the second test tube, few drops of the Nessler reagent (an alkaline solution of potassium 
tetraiodomercurate (II), K2[HgI4] ) were added. The formation of yellow-colored species 
was observed, which confirmed the presence of the ammonium cations in the analyzed 
solution.  
In the third test tube, a reaction with KMnO4 was conducted to determine the identity of 
the anionic species in the analyzed solution. The typical permanganate violet color 
disappeared in 3 seconds after adding the analytical reagent (Equation 19), confirming the 
oxalate ions presence in the solution.  
2 MnO4
- + 16 H+ + 5 C2O4
2- → 2 Mn2+ + 8 H2O + 10 CO2                                            [19] 
Thereby, the presence of ammonium oxalate in the analyzed solution was confirmed.  
In the course of the solubility determination experiments, single crystals were grown 
unintentionally on the surface of the solid phase of the system. The experiments had a 
slightly similar format to the single-solvent recrystallization method for crystal growth; 
they lasted in total for several weeks, and afterward, the system was left to stay for a 




RNDr. Ivana Císařová, CSc. (from the Department of Inorganic Chemistry) kindly 
performed the structure analysis of the grown single crystals. The analysis unequivocally 
demonstrated that the obtained single crystals were those of ammonium oxalate 
monohydrate (NH4)2C2O4 · H2O.  
 
 
4.5 A study of the oxamic acid stability in aqueous solutions 
 
During the solubility determination experiments (as described in Chapter 5.1), it was 
proven that the oxamic acid decomposition in aqueous solutions takes place under certain 
conditions. To specify this process, a set of experiments (described below) was designed. 
As the decomposition occurs in the ambient laboratory conditions, both light and 
temperature effects were studied. 
 
The effect of light on the oxamic acid decomposition process 
30 ml of the oxamic acid 0,1 mol·dm-3 solution was prepared in a beaker. The beaker was 
covered up with a watch glass. The beaker was naturally exposed to the daylight (no 
daylight isolation was used); moreover, an electric UV lamp was placed in the distance l = 
100 cm from the beaker. The system was kept at room temperature during the whole 
course of the experiment. The samples (V = 2 ml) were taken with a Pasteur pipette in 12 h 
(sample 1), 36 h (sample 2), 72 h (sample 3), and 120 h (sample 4), the Petri dishes with 
the samples were left overnight in the oven at 40 °C. The powders were collected to the 
correspondingly labelled Eppendorf tubes and afterward analyzed through the XRD 
diffraction.  
 
The effect of temperature on the oxamic acid decomposition process 
30 ml of the oxamic acid 0,1 mol·dm-3 solution was prepared in a round bottom flask. A 
simple Liebig condenser was attached to the neck of the flask (in reflux mode). The flask 
was immersed in an oil bath with temperature control. The whole setup was isolated from 
the daylight with aluminium foil. The temperature was set to 100 °C. The samples (V = 2 
ml) were again taken with a Pasteur pipette in 12 h (sample 1’), 36 h (sample 2’), 72 h 
(sample 3’) and 120 h (sample 4’), the Petri dishes with the samples were left overnight in 
the oven at 40 °C, and the products were collected again to the correspondingly labelled 
Eppendorf tubes.  
 
The XRD diffraction patterns of the individual samples from the “light effect study” series 
were compared with the pattern of the commercial form of oxamic acid powder recorded in 
advance. The comparison was conducted in Panalytical HighScore software. All the 
samples represented the identical phase – pure oxamic acid (Chapter 5.3, Fig. 29). 
Therefore, the stability of oxamic acid in the aqueous solution towards the light in the 
given timespan (5 days) was proven.  
On the other hand, the XRD analysis of the samples from the “temperature effect study” 
series confirmed that the thermal decomposition of oxamic acid in water solutions occurs. 
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The chosen temperature conditions and the scheme of sampling did not enable to track the 
process of the oxamic acid gradual decomposition. The last three powder evaporates from 
the “temperature effect study” series were identified as the final decomposition product of 
oxamic acid - pure ammonium oxalate monohydrate (Chapter 5.3, Fig. 30).  
Samples 3’ and 4’ (from the “temperature effect study” series) were studied by the Raman 
spectroscopy. As the referential compounds, commercial powder of solid oxamic acid and 
ammonium oxalate monohydrate (synthesized in advance) were taken. Ammonium oxalate 
monohydrate was prepared in amounts needed for the micro-Raman analysis by mixing 2 
ml of 0,125 mol·dm-3 H2C2O4·2H2O with 0,1 ml of 25% aqueous ammonia solution and 
drying the product in an oven to evaporate water. The corresponding Raman spectra are 
attached in Chapter 5.4, Fig. 32; the wavenumber region 400 – 1800 cm-1 is shown.  
 
The determination of the oxamic acid’s thermal decomposition rate  
As revealed by the preceding experiments, the elevated temperature is the reason for 
oxamic acid to decompose in an aqueous solution, and at T = 100 °C (reflux conditions), 
the complete decomposition takes less than 24 hours. To determine the rate of oxamic acid 
decomposition, the following experiment was conducted. 20 ml 0,2 mol·dm-3 solution of 
oxamic acid was prepared in a round bottom flask. A simple Liebig condenser was 
attached to the neck of the flask (in reflux mode). The flask was immersed in an oil bath 
with temperature control, and the solution was heated to 90 °C. The samples (V = 2 ml) 
were taken with a Pasteur pipette every 30 minutes. In total, five samples were taken and 
labelled as sample 1’’, sample 2’’, sample 3’’, sample 4’’, sample 5’’. Petri dishes with the 
samples were left overnight in an oven at 40 °C, and the dry residues were collected to the 
labelled Eppendorf tubes. The resultant powders were analyzed using roentgen diffraction. 
In each XRD pattern, two phases were detected and determined as ammonium oxalate 
monohydrate and oxamic acid in Panalytical HighScore software. An example of the 
refined two-phase roentgen diffraction pattern is shown in Fig. 31, Chapter 5.3. The 
quantitative phase analysis was conducted in Profex open-source software117. The 
determined phase ratios (mass fractions) of each sample are shown in Fig. 33 and Fig. 34, 
Chapter 5.4. The kinetics of the oxamic acid decomposition process was evaluated (Fig. 
35, Chapter 5.4). 
 
4.6 Lanthanide oxalates heterogeneous precipitation 
experiments 
 
The lanthanide (III) oxalate decahydrates precipitation experiments were designed in 
accordance with the considerations written in Chapter 3.2. Cerium and gadolinium were 
chosen as the Ln series representatives. Both of the metals belong to the so-called lighter 
lanthanides group. The formation of the insoluble Ln(III) oxalate decahydrate is described 
by Equation 5, Chapter 3.2.  
0,2 mol·dm-3 solutions of Ce(NO3)3·6H2O and Gd(NO3)3·6H2O were prepared in distilled 
water and stored in 50 ml volumetric flasks. 50 ml 0,2 mol·dm-3 H2C2O4·2H2O stock 
solution was prepared. The oxalic acid solution was added from a dropping funnel to a  
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100 ml round bottom flask with the defined amount of the metal nitrate solution. The 
oxalate-to-metal ratio was 2 in the first series of the tests and 3 in the second series. The 
mixture in the round bottom flask was constantly magnetically stirred (200 rpm). The 
temperature in the laboratory was 23 °C. The immediate formation of the precipitate was 
observed in all the cases. After the precipitation, the mixtures were let stand for several 
hours (the exact time is not crucial) at room temperature. The resultant mixtures were 
centrifugated (5000 rpm, 5 min), the products were separated from the supernatant and 
dried on the watch glass in the exicator over P2O5. Four precipitation experiments (two 
series with two different acid-to-metal chemical amounts ratios) were carried out in total. 
In all the cases, the product was a white powder-like solid. The powders achieved in the 
first series (with the oxalate-to-metal ratio = 2) were further characterized (Chapter 5.5).   
4.7 A study of the oxamic and glyoxylic acids’ affinity to 
lanthanides (III)  
 
In 50 ml volumetric flasks, 0,2 mol·dm-3 stock solutions of Ce(NO3)3 · 6H2O and  
Gd(NO3)3 · 6H2O, and 0,1 mol·dm
-3 stock solutions of oxamic acid and glyoxylic acid 
were prepared. Experiments to examine the acids’ affinity to lanthanides in aqueous media 
were planned in agreement with theoretical insights described in Chapter 3.5.   
Different molar ratios metal: acid (1:1,25; 1:2; 1:2,5; 1:3) were tried for both of the acids. 
However, as there were no macroscopically observable differences, only the referential 
ratio 1:3 for both acids will be described below.  
In the working procedure, 1 ml of the lanthanide (III) nitrate solution was mixed with the 
appropriate amount of the corresponding acid in plastic laboratory vials. The vials were 
screwed with caps (as no gas evolution was expected), and the mixtures were left overnight 
under constant magnetic stirring (300 rpm).  
In the case of glyoxylic acid, the solutions remained transparent the next day. Later, upon 
standing, no changes were detected as well. In the case of oxamic acid, the solutions 
looked clear the next day. However, in several weeks the liquid in the vials appeared 
turbid, and some of the particles settled out of the mixtures: very fine-grained suspensions 
were formed. The experiments had the same course both for cerium(III) and 
gadolinium(III) samples. The mixtures were centrifuged (5000 rpm for 5 min). The 
products collected by centrifugation (fine white powder) were analyzed using powder 
XRD diffraction to assess the crystallinity. The diffraction pattern showed that the obtained 
powders were cerium(III) oxalate decahydrate and gadolinium(III) oxalate decahydrate. 
The supernatants were left in the vials. In several days, the solutions turned turbid, and the 
fine white powder precipitated again. The powders were separated by the recurring 
centrifugation. Their XRD analysis clearly implied the lanthanide (cerium, gadolinium) 
oxalate decahydrate phase. 
UV-VIS spectroscopy measurements were conducted to observe and tentatively estimate 
the acids’ species coordination on the lanthanides metal centres in the solution. The stock 
solutions of Ce3+, Gd3+, oxamic acid, and glyoxylic acid (5 ml, 0,1 mol·dm-3) were 
prepared in small plastic laboratory bottles. The acids’ solutions were used as prepared 
without the dilution, as the acids do not absorb the light in the chosen wavelength range. 
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The metals’ solutions were diluted five times up to a total volume of 25 ml for each 
lanthanide stock solution (resulting in concentrations of 0,02 mol·dm-3) in order to get to 
the reasonable absorbance numbers. The absorbance spectra were measured for the 0,02 
mol·dm-3 Ce3+ and 0,02 mol·dm-3 Gd3+samples. The next samples were prepared by mixing 
2 ml of the 0,02 mol·dm-3 Ln3+ solutions with 1 ml 0,1 mol·dm-3 glyoxylic, resp., oxamic, 
acids’ solutions. For completeness, the absorbance spectra of 0,1 mol·dm-3 acids’ solutions 
were measured at the end. The obtained spectra are shown in Fig. 46, 47, Chapter 5.6. The 
absorbance spectra were recorded in the wavelengths ranges 190-800 nm. However, the 
final graphs were worked up in the range 250-400 nm (mainly UVA and UVB bands), as 
only this segment contains useful information.  
4.8 Homogeneous precipitation of Ce (III) oxalate 
decahydrates  
 
The results of the studies described in Chapter 5.4 indicated the oxamic acid thermal 
instability in aqueous solutions. These results prompted the idea of conducting 
homogeneous precipitation experiments of trivalent lanthanides’ (cerium taken as a 
representative) oxalate decahydrates from aqueous solutions using oxamic acid as the 
oxalate ion precursor.  
Homogeneous precipitation can be an advantageous alternative to regular, heterogeneous 
precipitation. Heterogeneous precipitation is a solubility-related event when a precipitating 
agent is being added to a solution, the chemical precipitation reaction occurs, and a rapid 
formation of a solid (precipitate) from an oversaturated solution takes place. In the 
homogeneous precipitation procedure, on the contrary, the precipitating agent is being 
generated in an initially homogeneous system, in a single solution, during a prolonged 
period. Thus, the oversaturation remains low. Controlling the oversaturation level in this 
way appears to be a promising way to affect the morphology of the final precipitated 
crystalline particles120.  
The oversaturated solution is a solution in a metastable state, and the oversaturation value 
is the difference between the actual immediate concentration of a specific solute and its 
equilibrium concentration. The oversaturation level is conventionally denoted as ∆C. 
Basically, oversaturation is the determinative factor in the processes of crystal nucleation 
and crystal growth. The relations between the growth rate, resp. nucleation rate and the 
oversaturation level can be denoted by the simplified Nyvlt equations121:  
G = kg · ∆C 
g                                                                [20] 
B = kb · ∆C 
b                                                                 [21] 
In equations 20 and 21, G (resp. B) stands for growth rate (resp. nucleation rate); kg (resp. 
kb) is the growth constant (resp. nucleation constant), a kinetic parameter that describes the 
overall mass transfer and is dependent on temperature and several other variables (e.g., 
may be affected by the presence of the impurities)122. Further, g is the growth order 
(typically 1 to 2 depending on a crystallization system), and b is the nucleation order (often 
5 to 10)123. Concerning the g and b typical values, it can be predicted that lowering the 
oversaturation level will lead to a larger crystal size distribution and probably more 
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compact, easily filtered crystalline precipitate formation because crystals will grow faster 
than the nucleation events will be happening.  
Indeed, such reasoning about the oversaturation problematics is greatly simplified. The 
topic of oversaturation control, particle size, and shape distribution control is much more 
extensive and complex and lies out of the scope of the present work. 
Homogeneous precipitation is an advantageous method employed in many chemical 
synthesis routes 124, 125, as it facilitates the product morphology control, yields highly 
ordered products, or reduces the product contamination in the precipitations carried out in 
the multi-component solutions 126.  
Procedure 
25 ml 0,2 mol·dm-3 water solution of oxamic acid (n = 0,005 mol) was prepared in a 
volumetric flask. 10 ml 0,2 mol·dm-3 Ce(NO3)3·6H2O water solution (n = 0,002 mol) was 
prepared in another volumetric flask, the pH of this solution was adjusted to 3,0 by the 
concentrated HNO3 droplets addition. The prepared solutions were mixed in the round-
bottom flask placed in the heated oil bath with temperature control. A Liebig condenser 
was attached to the neck of the flask. The reaction mixture was constantly magnetically 
stirred (500 rpm).  
To observe the course of the homogeneous precipitation, the residual concentration of the 
Ce3+ ions in the solution was tracked. The residual concentrations were determined 
gravimetrically. Due to the extremely low solubility products of the lanthanide(III) 
oxalates (Chapter 3.2), the oxalic precipitation method was chosen for the analytical 
determination of the residual Ce3+ concentrations.  
Several precipitation trials were conducted to optimize the experimental setup. 
In the final variant, the solution was heated to the desired experimental temperature Tmax  
(90 °C in the first experiment and 100 °C in the second; the heating took 15 minutes), then 
the temperature was maintained constant. At the same time intervals (every 30 min after 
the set experimental temperature Tmax was reached), a 5,0 ml sample was taken from the 
heated solution (with an automatic pipette). The sample was centrifugated; 4,0 ml of the 
supernatant were carefully taken with an automatic pipette and poured into the new dry, 
clean, weighed in advance centrifugation test tube. The fixed amount of oxalic acid 
dihydrate was added to the test tube. The cerium (III) oxalate decahydrate was precipitated 
immediately. After a minute (left for the precipitate to get finely “coagulated”), the sample 
was centrifugated. This time, the supernatant was partially removed with a Pasteur pipette, 
and the pellet in the centrifugation test tube was left in the oven (60 ˚C) for drying. The 
whole procedure was repeated six times (six samples in total were taken for the gravimetry 
analysis). At a certain moment (120 min from the experiment start), a sample of the 
suspension formed in the heated round-bottom flask was taken, centrifugated, the pellet of 
the homogeneously precipitated Ce2(C2O4)3·10H2O was dried in the oven (60 ˚C) and 
subsequently examined by scanning electron microscopy.  





Figure 26. The homogeneous precipitation experiment scheme. The dots mark when the 
samples for the gravimetric analysis of the residual Ce3+ concentrations were taken. The 
black tick marks the time when the sample of the homogeneously precipitated cerium 
oxalate decahydrate was taken for the microscopic examination.  
 
The masses of the precipitated cerium oxalate decahydrate from the gravimetry analysis 
and the corresponding residual Ce3+ concentrations are given in Table 3, Table 4, Chapter 
5.7.  
The number of significant figures is given by the accuracy of the digital laboratory scale. 
 
Homogeneous precipitation from a diluted solution 
A homogeneous precipitation experiment with lower concentrations of the reagents was 
conducted to study the effect of the reagents’ concentration on the final morphology of the 
precipitated product.  
200 ml 0,01 mol·dm-3 solution of Ce(NO3)3 · 6H2O was prepared in a beaker. The pH of 
this solution was adjusted to 3,0 (HNO3 droplets addition). The 10 % excess of oxamic acid 
was used in this case: 0,285 g of oxamic acid was weighed and added to the beaker. The 
beaker was placed on a magnetic heater with a hot plate. The solution was constantly 
magnetically stirred (500 rpm), the temperature was set to 100˚C. The beaker was covered 
with a watch glass. In 120 min from the start of the experiment, a sample of the suspension 
formed in the beaker was taken, centrifugated, the pellet was dried in an oven (60 ˚C), the 
resultant powder sample was weighed and taken for the microscopic examination. At t = 
165 min, the heating was stopped, the solution was left to cool down. The precipitated 
Ce2(C2O4)3·10H2O was collected by centrifugation, dried, and weighed: 
m(Ce2(C2O4)3·10H2O) = 0,2164 g. 
Using the rate constant calculated in Chapter 5.7 (Tmax = 100 ˚C), the oxamic acid 
immediate concentration at the time moment t = 165 min may be counted: coxam = 8,52·10
-3 
mol·dm-3. Therefore, bearing in mind the equivalence in the amount of the emerged 
oxalate ions and the reacted (decomposed) oxamic acid, we may end up with the value of 
1·10-3 mol for the reacted Ce3+species and get to the theoretical mass of the total 
precipitated Ce2(C2O4)3·10H2O of 0,3622 g. The yield of the precipitation reaction is 
following:  
Percent yield = 0,2164 / 0,3622 ·100 % = 60 % 
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The relatively low percent yield may be explained by the losses that occurred during the 
decantation operations.  
The morphology of the powders obtained in the low concentrations homogeneous 
precipitation experiment is shown in Fig. 53, Chapter 5.7.  
 
Finally, the idea of homogeneous precipitation was tried out for the glyoxylic acid – Ln3+ 
aqueous solution system. The trial was based on the assumption that glyoxylic acid may be 
oxidized with concentrated HNO3 under heating (Chapter 3.3). Different molar ratios of 
the reagents, different pH and temperature conditions were tested. However, no precipitate 
formation was observed. The oxidation of an aldehydic functionality is an organic reaction, 
which requires special reaction conditions; the attempts to conduct oxidation in an aqueous 

































5. Results and discussion 
5.1 The acids’ solubility determination results 
 
The resultant data from the oxamic acid solubility determination experiment (T = 25°C) 
were statistically evaluated (Table 2). The Q test did not reject any outliers from the data 
set. The final solubility value was determined as s25 = (8,50 ± 0,06) g per 100 g solvent 
(water),  
sr = 0,6 %. 
 
Table 2. The data used to calculate the oxamic acid solubility in water at room temperature 




The mass of the 
clean, dry flask, 
m0 [g] 
The mass of 
the analysed 
solution 
aliquot, ma [g] 
The mass of the 
flask with the 
dry evaporation 








[g per 100 g 
water] 
1 17,4106 2,0350 17,5710 0,1605 8,562 
2 25,3030 2,2549 25,4799 0,1769 8,511 
3 27,2063 2,5916 27,4089 0,2026 8,480 
4 17,1345 2,0588 17,2949 0,1604 8,449 
5 14,6601 2,0553 14,8211 0,1610 8,499 
 
The following simple relations were used to count the solubility values: 
mr – m0 = mx                                                                                          
 [22] 
 s25 = 
𝑚𝑥·100
𝑚𝑎−𝑚𝑥
                                                                                           
 [23] 
The meaning of the symbols used in equations 22, 23 is explained in the Table 2 legend.  
A powder sample of the evaporation residues from the solubility determination experiment    
(T = 25°C, oxamic acid) was analyzed with powder XRD diffraction. The diffraction 
pattern clearly showed one phase identical to that from the diffraction analysis of the pure 
oxamic acid sample as supplied commercially (Chapter 5.3). Thus, the determined 
solubility value for T = 25°C was considered valid.  
Similar solubility determination experiments were conducted for the elevated temperatures   
(T = 40°C, T = 60°C, using oil bath heating). However, the XRD patterns of the resultant 
powders distinctly demonstrated that the solid evaporation residues no longer represented a 
chemically pure substance. The tentative search and match analysis conducted in Profex 
117, and QualX127 software revealed the presence of more than one phase; several peaks 
corresponded to the oxammite (ammonium oxalate) reference pattern. The acquired XRD 
data are not attached as the patterns obtained do not have a satisfying quality: they have a 
low peak-to-noise ratio and poor reproducibility. Therefore, the determined solubility 
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values for all the cases except the one described in the previous paragraph were considered 
invalid and will not be mentioned here. 
Within the same experimental setup, an attempt to determine the room temperature 
solubility was conducted for glyoxylic acid. However, the acid turned out to form gel 
during the water evaporation using the rotary evaporator. This phenomenon is not 
surprising as glyoxylic acid is a highly hydrophilic substance 68, 128. The oligomerization of 
glyoxylic acid-related compounds (e.g., glyoxal)129 in aqueous solutions is well-known in 
the context of environmental chemistry. As for glyoxylic acid itself, its polymerization in 
aqueous media is also described 75. In the preparation methods of polyalkylglyoxylates (see 
Chapter 3.3), unmodified glyoxylate hydrate presence in the reaction mixtures leads to 
lower molecular weight product formation as glyoxylate tends to enhance the initiation and 
transfer reactions 74. The glyoxylate oligomers are also being formed in the process; 
therefore, to prepare a decent polyalkylglyoxylate, high temperatures are employed to 
crack the glyoxylate oligomers, and the drying agents are used to remove any liberated 
water 74.  
 
To summarize, the gelation phenomenon showed by glyoxylic acid concentrated aqueous 
solutions has a theoretical explanation and empirical background in the literature.  
 
 
5.2 The pKa values of the studied acids  
 
The pKa values were determined from the experimental data (Fig. 27, 28).  
pKa (glyoxylic acid) = 3,18 
pKa (oxamic acid) = 3,33 




















Figure 28. Glyoxylic acid titration curve 
 
5.3 Oxamic acid decomposition - PXRD analysis of the artifacts 
 
In Fig. 29, Fig. 30, and Fig. 31, the refined diffraction patterns of oxamic acid, ammonium 
oxalate monohydrate, and partially decomposed oxamic acid are shown. The graphs were 
constructed in OriginLab software. The LeBail method was employed, the following 
refinements were conducted in Jana2006118 software. In the refinement process, the 
calculated profile is fitted to the experimental data by minimizing the differences between 
the observed and theoretical patterns using a non-linear least square approach 118. 
The lattice parameters are: a = 9,4979 Å, b = 5,4379 Å, c = 6,8673 Å, ß = 107,150° for 
oxamic acid (monoclinic crystal system, space group Cc №9); a = 8,017 Å, b = 10,309 Å,  
c = 3,735 Å, α = ß = γ = 90° for ammonium oxalate monohydrate (orthorhombic crystal 

















Figure 29. The refined powder roentgen diffraction pattern of oxamic acid. The quality of 
the fit may be judged by the following values: Rwp = 9,38; GOF = 1,66.  
 
The reflections at 23 and 33 2θ degrees arose from some impurities in the sample. 
Concerning the positions and the intensities, these peaks cannot be labelled as peaks 
coming from the minor amounts of ammonium oxalate monohydrate presence.  
 
 
Figure 30. The refined powder roentgen diffraction pattern of ammonium oxalate 
monohydrate. The quality of the fit may be judged by the following values: Rwp = 18,60; 




Figure 31. The refined powder roentgen diffraction pattern of a two-phase sample 
representing a partially decomposed oxamic acid. The quality of the fit may be judged by 
the following values: Rwp = 23,16, GOF = 4,27.  
 
The relatively high Rwp value implies the somewhat lower preciseness of the fit. This may 
be explained by the fact that the theoretical profile is calculated from the atomic positions 
in the ideal structure, and the experimental profile represents the real structure of the two-























5.4 Oxamic acid stability in aqueous solutions – evaluation 
 
To evaluate the results of the experiments undertaken in Chapter 4.5, micro-Raman 




Figure 32. Raman spectra of the ammonium oxalate monohydrate referential sample (a), of 
the samples 3’ and 4’ from the study of the temperature effect on oxamic acid 
decomposition (b), of oxamic acid as suppled commercially (c).  
 
From Fig. 32, it is seen that samples 3’ and 4’ represent totally decomposed oxamic acid. 
The analyzed compounds are polar and turned out to be relatively strong scatterers, and the 
micro-Raman signals were weak. The shorter laser illumination wavelength resulted in a 
substantial fluorescence interference, large background, and low sensitivity. Therefore, 
only the low wavenumber “fingerprint” region was used for the analytes’ identification. 
The recorded spectra were compared with the published data on the natural oxalates’ 
Raman spectroscopy131. However, the accurate vibrations assignment was not conducted as 
the Raman measurements turned out to be inapplicable for the kinetics study of the oxamic 
acid decomposition.  
Further, the oxamic acid decomposition kinetics (Fig. 33, 34) were evaluated utilizing 
quantitative XRD analysis. The experimental setup and sample numbering are described in 




Figure 33. The mass fractions of the phases in the oxamic acid decomposition experiment 
(T = 90 ˚C) – bar graph representation; the numbers on the horizontal axis stand for the 




Figure 34. The mass fraction of the phases in the oxamic acid decomposition experiment      
(T = 90 ˚C) – line graph representation; the numbers on the horizontal axis stand for the 
number of the sample (1’’, 2’’, 3’’, 4’’ and 5’’ - respectively, 30, 60, 90, 120 and 150 min).  
 
The mass fraction values were converted to the concentrations, and the trend (Fig. 35) 





Figure 35. Concentration – Time relationship for oxamic acid in its thermal decomposition 
experiment, T = 90 ˚C. 
 
The exponential model fitted best to the obtained series of data points, offering the first-
order kinetics for the oxamic acid thermal decomposition process. The line of the best-fit 
equation and the determination coefficient are introduced on the graph. To confirm that the 
reaction is governed by first-order kinetics, ln(coxam) values were plotted versus time, and a 
good linear regression fit was obtained, proving the first-order kinetics of the oxamic acid 
thermal decomposition reaction. The integrated rate law for the first-order kinetics is given 
below: 
coxam = coxam,o · e
-kt                                                      [24] 
In equation 24, coxam is the immediate concentration of oxamic acid, coxam,o is its initial 
concentration, t represents time, and k is the rate constant.  
The rate constant for the oxamic acid decomposition was determined (T = 90˚C): 
k = 2 · 10-3 min -1.  
 
 
5.5 Heterogeneously synthesized lanthanide oxalates 
characterization  
 
The precipitated lanthanide oxalate compounds (white, fine powder solids), 




The Ln(III) oxalates decahydrates crystal structure is described in detail in the theoretical 
part of the work (Chapter 3.2). Ce2(C2O4)3·10H2O and Gd2(C2O4)3·10H2O are 
isomorphous; therefore, the accurate structure of Ce(III) oxalate decahydrate only will be 
taken into account below. The lattice parameters of the compound are following132: space 
group No.14 (P21/c; belongs to the monoclinic crystal system), a = 11,3470 Å, b = 9,6300 
Å, c = 10,3920 Å, β = 114,52°. The crystal structure of the synthesized Ce2(C2O4)3·10H2O 
was drawn in VESTA software (using the crystallography information file taken from 
COD database 132); the crystal structure is shown in Fig. 36 and Fig.37.  
 
Figure 36. The unit cell of cerium (III) oxalate decahydrate crystal is shown from different 
perspectives. The light green polyhedra represent the coordination environments of the 
central cerium atoms (the oxygen coordination polyhedra – distorted tricapped trigonal 
prisms); carbon atoms are drawn in black, oxygen atoms are drawn in red.  
 
 
Figure 37. The stacking of the layers along the b-axis in the cerium (III) oxalate 
decahydrate crystal structure. 
 
The powder X-ray diffraction patterns of the obtained compounds, Ce2(C2O4)3·10H2O and 
Gd2(C2O4)3·10H2O, were recorded. The obtained patterns of the synthesized single phases 
agreed with the XRD patterns of the corresponding oxalates from the database (assessed in 
the Search-Match Software, Panalytical Xpert Pro). After the identification (assigning all 
the peaks at the correct positions), the samples’ pattern refinement (LeBail fit) was 
conducted in Jana2006 (Fig. 38, Fig. 39). The graphs were constructed in OriginLab 
software. The lattice parameters of cerium (III) oxalate decahydrate (Fig. 38) are given 
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above in the text. The lattice parameters of gadolinium (III) oxalate decahydrate (Fig. 38) 
are following: a = 8.3803 Å, b = 9.7540 Å, c = 9.4389 Å, ß= 90.23° 132.  
 
Figure 38. The refined XRD pattern of the sample of Ce2(C2O4)3·10H2O. The quality of the 





Figure 39. The refined XRD pattern of the sample of Gd2(C2O4)3·10H2O. The quality of 
the fit may be judged by the following values: Rwp = 9,01; GOF = 1,80.  
 
The Rwp and GOF values imply that the quality of the fits in Fig. 38, Fig. 39 is high: the 




The morphology of the oxalate powders was studied with scanning electron microscopy 











Figure 41. The SEM micrographs showing the morphology of the particles; 
Gd2(C2O4)3·10H2O 
 
In Fig. 40, 41, the morphology of the particles obtained under the chosen precipitation 
conditions (described in Chapter 4.6) is shown. It can be observed that the precipitated 
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anisotropic crystallites are relatively small and randomly oriented. The micrographs of 
Ce2(C2O4)3·10H2O show that the obtained precipitates are microcrystalline and frequently 
cocrystals. The variation of the particles’ size in the individual samples (as judged by the 
eye) may be due to the inhomogeneous oversaturation in the solution. At the sites with 
lower oversaturation levels, the nucleation rate is naturally slower than the growth rate 
resulting in larger crystal formation. In both cases, crystals display no preferred 
orientation, and their shape is also varied: thin flakes, needle-like structures, and thick and 
solid crystals.   
Below, the energy dispersive X-ray microanalysis (EDS) spectra are additionally attached 
(Fig. 42, 43).  
 
Figure 42. The EDS spectrum of the cerium (III) oxalate decahydrate sample. 
 
 
Figure 43. The EDS spectrum of the gadolinium (III) oxalate decahydrate sample. 
 
The energy dispersive X-ray analysis was used for qualitative chemical characterization 
(elemental analysis) of the samples. It is a technique conventionally associated with 
electron microscopy. The obtained EDS spectra confirmed the presence of the elements as 
anticipated according to the chemical formula of the synthesized compounds. However, 
only high atomic mass elements may be reliably determined by this method (EDS is not 
suitable for detecting the low atomic number elements). The peaks were assigned 





The synthesized lanthanide (III) oxalate decahydrates were also characterized employing 
thermogravimetry. A dynamic temperature program in range 25 – 800 ˚C at a heating rate 
of 3˚C/min under streaming air (20 mL min-1) was executed. At 40˚C, a 20 min isotherm 
delay was made to dry any absorbed moisture. Fig. 44, Fig. 45 show the TG and DTA 
curves obtained for cerium (III) and gadolinium (III) oxalate decahydrates.   
 




Figure 45. Thermal decomposition of Gd2(C2O4)3·10H2O – TG (red), DTA (blue dotted) 
curves.  
 
The TG curves show the mass of a substance as a function of temperature; they provide 
information about the thermal stability, enable the intermediate products and solid residue 
composition identification. The DTA curves, the first derivatives of the TG curves, show 
the rate of change of masses.  
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The analyzed samples are hydrates; therefore, the water molecules loss was anticipated in 
the first step. Overall, the courses of the TG curves of both analyzed compounds are, to a 
certain extent, similar. Based on the current investigation results and the literature54, it is 
possible to say that the thermal decomposition of cerium (III) and gadolinium (III) oxalate 
decahydrates follow a somewhat resembling mechanism.  
The Ce2(C2O4)3·10H2O TG curve has a smooth course: two clear, distinct steps can be 
seen. The first step (inflection point around 125 ˚C) corresponds to the dehydration, the 
second (inflection point around 300 ˚C) represents the one-step decomposition to the 
residue (Ce2(C2O4)3 → 2CeO2). The mass variations are -20,499 % for the first step, -
25,392 % for the second. The first step mass variation corresponds to the loss of 8 water 
molecules. From the second step mass variation, it can be counted that the anhydrous 
intermediate decomposes forming CeO2 species.  
The Gd2(C2O4)3·10H2O TG curve shape indicates that water loss, in this case, occurs in 
two steps (inflection points around 110 ˚C and 170 ˚C). The third step (centred around 450 
˚C) demonstrates a rather uneven course, which may be evidence of a multi-step 
decomposition process. The anhydrous lanthanide(III) oxalate intermediate may be 
decomposing through lanthanide(III) carbonate and lanthanide(III) carbonate-oxide 
formation 54. However, these details cannot be assessed within the collected data as no 
complimentary analysis (such as evolved gas analysis) was conducted. The mass variations 
for the three steps are -12,705 %, -7,406 % (corresponding to the losses of 5 H2O, 3 H2O 
subsequently), and -26,934 %, which indicates the formation of Gd2O3 as a final product.   
 
 
5.6 The oxamic and glyoxylic acids’ affinity to lanthanides 
evaluation  
 
Oxamic acid and glyoxylic acid do not form precipitates with Gd3+, Ce3+ in aqueous 
solutions. Oxamic acid slowly decomposes in aqueous solutions, and Ln3+ oxalate 
decahydrates may be precipitated. 
UV-VIS spectra recorded in order to gain a better insight of the processes taking place in 




Figure 46. The absorbance spectra of the oxamic and glyoxylic acids’ solutions.  
 
Figure 47. The absorbance spectra of the lanthanide cations’ solutions and the mixed 
samples.  
 
The graph in Fig. 46 shows that oxamic acid and glyoxylic acid samples are 
spectroscopically silent in the given wavelength range. Fig. 47 shows the absorbance 
curves of the Ln3+ ions in comparison with the absorbance curves of the Ln3+- acids 
mixture samples. It is seen that the absorption curves have the same course in the following 
pairs: 0,02 M Ce – 0,02 M Gd; 0,02 M Ce + 0,1 M oxamic acid – 0,02 M Gd + 0,1 M 
oxamic acid; 0,02 M Ce + 0,1 M glyoxylic acid – 0,02 M Gd + 0,1 M glyoxylic acid. This 
fact indicates the apparent similarity between the individual lanthanides (cerium and 
gadolinium) behaviour. 
Glyoxylic acid does not affect the shape of the metals’ absorbance curves. There is only a 
decrease in the absorbance seen, as the addition of the glyoxylic acid sample to the metals’ 
solutions increases the volume of the systems decreasing the metal ions concentrations.  
The shape changes in the absorption spectra of the samples of the pure (uncoordinated) 
metal ions due to the oxamic acid addition imply that the coordination of oxamic acid on 
the metal centres takes place in the solution. The spectra reveal that this type of interaction 
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occurs in the solution, even if it is generally known that the spectra of the lanthanide 
species are almost environment independent, as the ligand field effects are mostly 
negligible for the Ln 4f electrons (4f subshell is extensively shielded by the 5s and 5p 
orbitals, Chapter 3.1.1). 
 
5.7 Homogeneous precipitation of Ce (III) oxalate decahydrates 
results 
 
Data from the gravimetry analysis are shown in Table 3 and Table 4. The Tables 3 and 4 
were processed into the graph shown in Fig. 48.  
 
Table 3. The data from the gravimetry analysis of the residual Ce3+ concentrations;  
Tmax = 90 ˚C 
 
Number of the sample 1 2 3 4 5 6 
m(Ce2(C2O4)3·10H2O), 
g 
0,0823 0,0591 0,0499 0,0369 0,0284 0,0093 
c(Ce2(C2O4)3·10H2O), 
mol/L 
0,0568 0,0408 0,0344 0,0255 0,0196 0,0064 
 
 
Table 4. The data from the gravimetry analysis of the residual Ce3+ concentrations; 
Tmax = 100 ˚C 
Number of the sample 1 2 3 4 5 6 
m(Ce2(C2O4)3·10H2O), 
g 
0,0823 0,0452 0,0289 0,0065 0,0026 0,0021 
c(Ce2(C2O4)3·10H2O), 
mol/L 





Figure 48. The residual concentrations of Ce3+ as a function of time in the homogeneous 




As seen from Fig. 48, the overall rate of the homogeneous precipitation is higher in the 
second line (depicted with triangles, Tmax = 100 ˚C), the residual 𝑐𝐶𝑒3+ goes down faster. 
With the increased temperature, the oxamic acid decomposition reaction rate is increased.  
The precipitation reaction between Ce3+ ions and the newly emerged C2O4
2- ions is rapid 
and irreversible. In the whole process, the oxamic acid decomposition is the slowest event 
and the rate-determining step. In the chosen concentration range (while the precipitation 
does not completely deplete cerium), the decrease in the concentration of the free Ce3+ ions 
in the solution directly corresponds to the amount of the decomposed oxamic acid. 
Therefore, from the acquired data, it is possible to estimate the oxamic acid decomposition 
kinetics tentatively. An approximate trend for the decomposition reaction order estimation 
may be constructed within the present data. (In Chapter 5.4, the oxamic acid thermal 
decomposition kinetics is more reliably determined using XRD quantitative analysis). Ideal 
mixing of the solution and the immediate reaction between Ce3+ and oxalate ions must be 
assumed. The precipitation gravimetry is an analytical technique with limited accuracy, 
and the multi-step format of the experiment may also be a source of imprecision. The 
relation between the Ce3+ and oxamic acid, resp. oxalate ions, immediate concentrations 
are given below: 
𝑐𝐶𝑒3+  = 𝑐𝐶𝑒3+,0 – 0,667 · (𝑐𝑜𝑥𝑎𝑚,0 - 𝑐𝑜𝑥𝑎𝑚) – for the stoichiometric ratio Ce
3+ : oxalate2- =   








                                                    [25] 
𝑐𝐶𝑒3+  and 𝑐𝑜𝑥𝑎𝑚 are the immediate concentrations of Ce
3+, oxamic acid; 𝑐𝐶𝑒3+,0 and 
𝑐𝑜𝑥𝑎𝑚,0 are their initial concentrations.  
In Fig. 49, Fig. 50, the plots of immediate oxamic acid concentration (counted as described 
above, Equation 25) versus time are shown. The graphs are constructed for the 
temperatures Tmax = 90 ˚C and Tmax = 100 ˚C correspondingly.  
 
 
Figure 49. Concentration – time relationship for oxamic acid in homogeneous precipitation 





Figure 50. Concentration – time relationship for oxamic acid in homogeneous precipitation 
experiment, Tmax = 100 ˚C.  
 
The trends counted from the experimental data were fitted using a non-linear regression 
model. The first-order kinetics perfectly fits the obtained series of data, which is in good 
agreement with the results introduced in Chapter 5.4. The values of ln(coxam), 1/coxam, 
1/(coxam)
2 were plotted versus time to exclude the possibility that the other order kinetics 
governs the reaction. The best linear fits were attained for the ln(coxam) versus t plots in line 
with expectations. The rate constants were determined: 
k1 = 5 · 10
-3 min-1 for T = 90 ˚C 
k2 = 6 · 10
-3 min-1 for T = 100 ˚C 
The value of k1 and the rate constant k determined from the quantitative XRD data (pure 
oxamic acid thermal decomposition experiment, Chapter 5.4) are of the same order of 
magnitude, but k1 > k. Thus, oxamic acid decomposition runs faster in the presence of 
Ce3+cations and with HNO3 added to the system.  
The morphology of the oxalate powders obtained in the homogeneous precipitation 
experiments was studied with scanning electron microscopy. Fig. 51, Fig. 52 are showing 
the acquired microscope images.  
 
 
Figure 51. The SEM micrographs showing the morphology of Ce2(C2O4)3·10H2O, 






Figure 52. The SEM micrographs showing the morphology of Ce2(C2O4)3·10H2O, 
homogeneous precipitation, Tmax = 90 ˚C.  
 
The morphology of the homogeneously precipitated powders may be compared with the 
heterogeneously precipitated Ln2(C2O4)3·10H2O powders in Fig. 45, Fig. 46, Chapter 5.5. 
A prominent difference may be noticed. Significantly larger, well-defined crystals were 
formed in the case of the homogeneous precipitation, which aligns with the considerations 
stated in Chapter 4.8. The calculations of the mean crystallite size were not conducted as 
the particles are highly morphologically anisotropic, and the Debye-Scherrer’s 
approximation would not have yielded reasonable values. However, the differences in 
crystallite size are apparent. In Fig. 48, Fig. 49, it is seen that the crystallites forming the 
grains of the monoclinic polycrystalline are irregular-shaped. There is no significant 
difference between the morphologies obtained for temperatures Tmax = 90 ˚C and  
Tmax = 100 ˚C. Large needle-shaped and platelet-shaped crystals that are characteristic of 
the monoclinic crystal system are visible.  
 
Homogeneous precipitation from a diluted solution 
The effect of the reagents’ concentration on the final morphology of the homogeneously 







Figure 53. The SEM micrograph showing the morphology of Ce2(C2O4)3·10H2O, 
homogeneous precipitation, low concentrations.  
 
As seen from Fig. 53, conducting the homogeneous precipitation from a diluted solution 
did not result in larger crystals formation. On the other hand, smaller and more uniform 
crystallites were formed. Low concentrations turned out to completely restrict the 
formation of needle-like microcrystals. Thick monoclinic platelets are the prevalent 











6. Conclusions  
A bibliographic review about lanthanides’ implementation in radiomedicine was done. 
Oxamic and glyoxylic acid’s behavior in aqueous solutions was a subject of interest in this 
work. Several physicochemical properties of the concerned compounds were assessed. 
First, the pKa values were determined for both of the acids. Second, the room temperature 
solubility was determined for oxamic acid. Within the same experimental setup, it was 
impossible to specify the same value for glyoxylic acid; gelation under heating was proven 
for glyoxylic acid. Third, the oxamic and glyoxylic acid’s thermal and photochemical 
stability was evaluated employing conventional laboratory techniques, Raman 
spectroscopy, and roentgen diffraction analysis. While glyoxylic acid did not show any 
signs of instability, oxamic acid was proven to undergo decomposition/hydrolysis in 
aqueous solutions. The kinetics of this process was determined: the rate constants were 
found for two temperatures. Oxamic acid also slowly (in a timespan of months) hydrolyses 
in water under ambient conditions.  
The affinity of the examined acids to lanthanides in an aqueous solution was tested. Based 
on the conducted experiments, it is possible to conclude that glyoxylic acid is not suitable 
for Ln simple separation from the solutions; glyoxylic acid displays no notable interaction 
with lanthanide species. Oxamic acid may be a precursor of the oxalate anion, and 
lanthanide (III) oxalate hydrates may be precipitated homogeneously. This procedure 
appears interesting and promising, considering the outstanding importance of lanthanide 
(III) oxalates in chemistry and technology. The homogeneous precipitation of cerium (III) 
oxalate decahydrate was conducted, the process was quantitatively described, and the 
morphologies of the final homogeneously precipitated products were compared with the 
morphology of the oxalates synthesized under conventional heterogeneous conditions. 
Moreover, the characterization (roentgen diffraction, thermogravimetry, and electron 
microscopy) of the representative lanthanide (III) oxalate decahydrates was executed. All 
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